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CHAPTER 1
INTRODUCTION
1.1 Superhydrophobic Surface
Superhydrophobic surfaces are the subject of a wide range of research fields,
because properties such as anti-sticking, anti-contamination and self-cleaning are useful.
Superhydrophobic surfaces are desirable for many industrial and biological applications,
for example, transparent and antireflective surfaces, fluidic drag reduction, battery and
fuel cell application, enhanced water supporting force, controlled transportation of fluids,
oil–water separation, self-cleaning windshields for vehicles, and the manufacture of
water-proof and fire repellant clothing. Increasing the surface roughness for low surface
energy materials is the main approach that has been developed to generate a
superhydrophobic surface, and the contact angle CA is the main method to characterize
the surface superhydrophobicity.
The surface wettability “the interaction between solid and fluid” is an intrinsic and
important property; it is governed by the geometrical microstructure and the chemical
structure of the surface. Wettability presents the ability of liquid wetting on a solid surface.
This action is defined by the struggle between the cohesive forces of the liquid molecules
among themselves and the adhesive forces, which result from the molecular interactions
between the liquid and the solid. Strong adhesion and weak cohesion results in a high
degree of wetting (a hydrophilic condition); conversely, weak adhesion and strong
cohesion results in a high measured contact angles and poor wetting (hydrophobic
conditions). The contact angle is an important parameter in wetting processes, because
its measurement allows the evaluation of solid surface free energy. In other words, in the
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cases where the contact angle is low, more adhesion is present due to a larger surface
area between the liquid and solid and results in higher surface energy.
There are two types of contact angles: for a flat surface, the static contact angle
is obtained by sessile drop measurement, where the drop is deposited on the surface
and the angle value is obtained. Dynamic contact angle is a non-equilibrium angle; it is
measured during the growth and shrinkage of the water droplet. The difference between
the growth angle (advancing angle adv) and the shrinkage angle (receding angle rec) is
defined as contact angle hysteresis CAH ().
Numerous studies define superhydrophobic surfaces as surfaces with water
contact angles greater than 150o. But superhydrophobicity does not only mean a high
contact angle, it has to be also a low contact angle hysteresis (< 10 o) (Bhushan, Jung, &
Koch, 2009), which is responsible the self-cleaning property.
1.2 Social and Economic Impact
Over the last decade, research on superhydrophobic surfaces has attracted a lot
of interest because of their properties that are desirable and feasible for wide range of
industrial and biological applications. This technology can bring great convenience into
our daily lives, and due to their multiple advantages, superhydrophobic surfaces continue
to receive more attention from research and development perspectives. Great number
of publications was generated during the last decade. They aimed at identifying best
theories, methods and procedures for designing superhydrophobic surfaces. . Fig (1)
shows that the number of published articles on superhydrophobic surfaces between 2004
and 2014 grew by ~25 times the total number of those published previously This trend
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demonstrates a remarkable movement towards applying the accepted processes and
characterization methods in several industrial fields.

Fig 1.1- Number of papers published from 2004-2014 under the topic of superhydrophobic surfaces
(Nagappan & Ha, 2015).

The applications of superhydrophobic surfaces are progressively increasing in
several areas ranging from the textile to the military. These surfaces can be used in
transparent and antireflective glass, submerged surfaces with reduced fluidic drag or
floating with enhanced water supporting force, platform for controlled transportation of
fluids, bio and anti-biofouling coating, filters for oil-water separation and manufacture of
water-proof and fire retardant clothes.
Superhydrophobic surfaces can be used for solving snow related problems. Snow
can build up on homes roofs or doorways causing significant damages. Snow can cause
shortages in electrical insulators which results in ruining equipment and disrupting
service. Snow buildup on aircraft wings and electrical transmission lines or towers can be

4
dangerous and costly to repair. Since water droplets don’t stick to the superhydrophobic
surfaces, the freezing droplets simply fall to the side. This feature enables
superhydrophobic surfaces to be considered as a real solution for overcoming the above
mentioned challenges.
Superhydrophobic surfaces stay clean; dirty liquids do not dry on the surfaces
because dirt molecules cannot accumulate on these surfaces. Superhydrophobic coating
can be applied in commonly used materials like beds and toilets to prevent spreading of
disease-causing bacteria especially in hospitals. The property so called self-cleaning can
be used for outdoor devices such as solar cell panels or satellite dishes. Antireflective
superhydrophobic coating on solar cell surface can reduce the reflectance of the cell by
10% and provide a 17% increase in the output. Superhydrophobic coating decreases
water uptake on the cell and help to maintain the antireflective performance(X. Zhang,
Shi, Niu, Jiang, & Wang, 2008). Water repellency which reduces the interaction on solidliquid interface can be used to reduce drag by moving the liquid in contact with the surface
as in microfluidics, piping, and ship hull.
Superhydrophobic

coatings

have

demonstrated

improvement

in corrosion

prevention. Results for the cost of corrosion study (Davis, 2000); show that the total
annual estimated direct cost of corrosion in the United States is $276 billion (3.1% of the
nation’s gross domestic product). For example, the number of ships serving U.S. ports
includes more than 7000 ocean vessels, 737 vessels on the Great Lakes, and 122 cruise
ships beside a huge number of recreational boats. The shipping industry cost of corrosion
is $2.7 billion, broken down into new ship construction ($1.1 billion), maintenance and
repairs ($0.8 billion), and corrosion-related downtime ($0.8 billion). Also, military’s
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equipment and facilities corrosion has been an enduring problem that is becoming more
noticeable as the purchase of new equipment slows down. Corrosion is potentially the
number one cost driver in lifecycle costs in industry – government sector (Projections to
June 2013 indicate that total corrosion costs, direct and indirect, in the U.S. now exceed
$1 trillion dollars or roughly 6% of GDP.). It is obvious, that enhancing our understanding
of superhydrophobic surfaces can make them available to larger number of industrial
products. This will create opportunities for tremendous cost saving on the national level.

Fig 1.2 –Direct Cost of Corrosion in Industry Categories ($1.0 Trillion)
[Ref.:http://www.g2mtlabs.com/2011/06/nace-cost-of-corrosion-study-update/].

1.3 Numerical Methods for Superhydrophobic Surfaces Studies
Computational fluid dynamics (CFD) provides a good platform for the study of
complex multi-phase and multi-component flows. The lattice Boltzmann (LB) approach is
widely used to solve the equations of motion describing the dynamics of droplets on
topologically patterned substrate. Several research works used tunable or controllable
micro-structured superhydrophobic surfaces to study droplets movement on solid
surfaces. The studies showed the possibilities of controlling the droplets motion to
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simulate some particular applications by using different source terms (Blossey, 2003;
Feng & Jiang, 2006; Hong, Gao, & Jiang, 2007; Ma & Hill, 2006). Esmaili et al. (Esmaili,
Moosavi, & Mazloomi, 2012) used a multi-component Shan-Chen lattice Boltzmann
method (SC LBM) to study the dynamics of two dimensional (2D) droplets driven by under
surface forces created by the chemical steps on the walls inside microchannels. They
also, studied the effects of some parameters such as the height, wettability pattern,
viscosity and the density ratio on the dynamics of the droplets under different conditions.
Gong, and Cheng (Gong & Cheng, 2012), investigated the coalescence of droplets, which
were driven by wettability gradients and the velocity field and mechanism of the droplet
motion. (L. Hao & Cheng, 2009) simulated the dynamic behavior of the water droplet
formation and removal in the micro-gas flow channel using the multiphase free-energy
LBM approach. Their results showed that water droplets’ removal is facilitated by a high
gas flow velocity on a more hydrophobic gas diffusion layer (GDL) surface. (Huang, Shu,
& Chew, 2008) studied the dynamics of droplets on chemical surfaces with different
wettability patterns. They determined the effect of the frequency of wettability changes on
the droplets positions and conditions. (Varnik, Dorner, & Raabe, 2007) investigated the
effects of wettability and roughness gradient on the flow characteristics by using LBM and
experimentally. A transition from laminar to unsteady flow was observed. This study
showed the possibility to generate flow instabilities by a variation of the surface roughness
at a Reynolds number for which the flow over a flat surface is laminar. (J. Zhang & Kwok,
2006) studied the motion of the contact line on topographic substrates. Their results
showed that the dynamic contact angles change periodically between two maximum and
minimum values and that the velocity is a function of the surface topology. (Vanapalli,
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Banpurkar, van den Ende, Duits, & Mugele, 2009) studied the effects of drop size, droplet
viscosity and capillary number on the hydrodynamic resistance of a moving droplet
confined in a rectangular microchannel by integrating a sensitive microfluidic comparator
into a T-junction device and measuring the excess pressure drop.
Previous studies indicate that the SC model can be used for wide range of
wetting studies in order to understand the effect of curved surfaces, droplet volume,
surface wetting characteristics, wetting and de-wetting transitions and surfaces with
different wetting characteristics. However, most of these studies involved flat surfaces or
rough surfaces, which geometrical parameters (pillar size to droplet radius) did not
warrant a realistic representation of the wetting state presented in most experimental
works. The simulations performed on rough structured surfaces using SC model were
only based on the studies involving a complete penetration of droplet into the rough
surfaces.
This work shows that simulating realistic wetting conditions on rough surfaces
with the SC model is rather more challenging. This is due to geometrical constraints
which necessitate the use of 2D domains. Furthermore the challenges are due to the fact
that the basic SC model lacks the capabilities of describing the underlying physics of the
apparent contact angle on rough surfaces. This is caused by few inherent model effects,
which prevent it from reproducing the right classical Wenzel and Cassie apparent contact
angles.
The objective of this work is to provide a computational model which can be tuned
to mimic the physical behavior of liquid droplets in contact with rough surfaces and predict
their static and dynamic wetting characteristics.
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CHAPTER 2
LITERATURE SURVEY
2.1 The lattice Boltzmann method
Computational fluid dynamics (CFD) provides a good platform for the study of
complex multi-phase and multi-component flows. During the last couple decades, among
many CFD tools, the Lattice Boltzmann Method (LBM) attracted more attention due to the
simplicity of its algorithm, stability, and parallelism. Another advantage of the LBM is the
no-slip bounce-back boundary condition, which allows the simulation of complex
boundaries flows with little computational cost. LBM schemes have been applied in the
study of wetting and spreading phenomena; among them is the Shan and Chen (SC)
model, which is a good numerical tool for simulating multi-phase and multi-component
flows. The SC’s LBM is capable of handling multiphase fluids with density and viscosity
difference. Shan and Chen introduced a nonlocal interaction potential approach that
mimics the multiphase behavior. The SC method is easy to implement for simulating
different multiphase problems, such as the droplet formation, breakup of a droplet, microdroplet formation, and thermal multiphase flow.
2.2 LBM and the Shan and Chen Model:
The Lattice Boltzmann Model (LBM) has been used by many computational fluid
researchers for studying variety of fluid problems in the last two decades. The singlerelaxation Bhatnagar-Gross-Krook (BGK) is the most popular scheme among the
isothermal Lattice Boltzmann equation (LBE) models. The LBGK uses the following
equation for the collision and streaming steps(Yu, Mei, & Shyy, 2002):
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𝑑𝑓𝑖
𝑑𝑡

1

𝑒𝑞

+ 𝑖 . ∇𝑓𝑖 = − (𝑓𝑖 − 𝑓𝑖 )

(2.1)



Where  is the physical relaxation time, is a macroscopic velocity, eq is an equilibrium
distribution function, and  is a density distribution function. Equation (2.1) is discretized
in space and time, which leads to:
1
fi ( x  ci t , t   t )  fi ( x, t )   [ f i ( x, t )  f i eq ( x )]



where



is the relaxation time, ci  ei

t

is the lattice velocity shown in Fig (2.2),

(2.2)

f i is a

density distribution function, and the lattice spacing  x and the lattice time step  t . fi is
eq

an equilibrium distribution function in the ith direction, is expressed as follows:
f i eq  i [1 

3
9
3
c  ueq  4 (ci  ueq ) 2  2 ueq  ueq ]
2 i
c
2c
2c

(2.3)

where ueq and  are the macroscopic velocity and density, respectively,  i are weighting
constants for the various lattice links:
- For D2Q9
𝜔𝑖 = [4⁄9; 1⁄36; 1⁄9 ; 1⁄36 ; 1⁄9; 1⁄36; 1⁄9; 1⁄36; 1⁄9]

-For D3Q19
𝜔𝑖 = [1⁄3; 1⁄36; 1⁄36 ; 1⁄18 ; 1⁄36; 1⁄36 ; 1⁄36; 1⁄18; 1⁄36; 1⁄18 ; 1⁄36; 1⁄36 ; 1⁄18 ;
1⁄36; 1⁄36; 1⁄36; 1⁄18; 1⁄36; 1⁄18]
eq
where i indicate the lattice links shown in Fig. 2.1(Farhat, 2010), u and ρ are the

macroscopic velocity and density, respectively.
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In the LBM, particle positions are confined to the nodes of the lattice; the variations
in momenta, due to a continuum of velocity directions and magnitudes and varying
particle mass, are reduced to: the simple 2-D model (8 directions, 3 magnitudes, and a
single particle mass) this model is known as D2Q9, which describes 2 dimensional and
contains 9 velocities, with the following end points coordinates:
e0(0,0); e1(-1,1); e2(0,1); e3(1,1); e4(1,0); e5(1,-1); e6(0,-1), e7(-1,-1,); e8(-1,0)

Fig. 2.1 - Lattice links for the: (A) - D2Q9 LBM, (B) - D3Q19 LBM.

and 3-D models known as D3Q19, and the lattice links have the following
coordinates:e0(0,0,0); e1(-1,-1,0); e2(-1,0,-1); e3(-1,0,0); e4(-1,0,1); e5(-1,1,0); e6(0,-1,-1),
e7(0,-1,0,); e8(0,-1,1); e9(0,0,-1); e10(1,1,0); e11(1,0,1); e12(1,0,0); e13(1,0,-1); e14(1,-1,0);
e15(0,1,1); e16(0,1,0); e17(0,1,-1); e18(0,0,1).
The speed of sound is cs  c / 3 . The kinematic viscosity is calculated using the relaxation
time by:

  (  0.5)cs2t

(2.4)
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Among many LBM schemes, the Shan and Chen model is a model of choice for
multiphase simulations. In the SC model, the density of the individual constituent fluids of
the mixture and the composite macroscopic velocity is calculated using the density
distributions functions of the fluids as follows:
Q 1

Q 1

    f i   f i ,eq
i 0

i 0

1

u 
'

Q 1

c f

 
 
i 1

1



 

(2.5)

i i



where  refers to the various mixture contributing components,   is the individual
component relaxation time from which different fluids viscosities can be derived using
Equation (2.2). The fluid- fluid interaction force is represented by the following equation
(Shan & Chen, 1993):
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F  ( x, t )     ( x, t ) G '  i   ' ( x  ci t , t )ci
'

(2.6)

i 0



where F ( x, t ) is the interaction force exerted on component



by the neighboring

component  ' in the mixture. It is worth mentioning that the magnitude of this force which
creates a pressure jump across the fluid-fluid interface is dependent on the constant G '
and it determines the strength of the surface tension. The fluid-solid interaction force
imposed by each fluid component is expressed as follows; (Martys & Chen, 1996):
18


N  ( x, t )     ( x, t ) i Gads
S ( x  ci t )ci
i 0

(2.7)
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where S ( x  ci t ) can only have a zero value for neighboring fluid node, and one for


neighboring solid node respectively. Gads determines the interaction strength and it is
positive for non-wetting fluid, and negative for wetting fluid. The force due to gravity is
incorporated in the model through the following equation:

E  ( x, t )    ( x, t ) g

(2.8)

where g is the gravitational constant. The collision step is calculated by:
f i ( x, t   t )  f i ( x, t ) 

1 
[ f ( x, t )  f i ,eq (  ,  u ,eq )]
 i

(2.9)


where f i refers to post-collision distribution functions for the various fluids, and   are

their corresponding relaxation times. The equilibrium functions for the constituent fluids
are calculated by Eq. (2.3) using the modified equilibrium velocities as proposed by Buick
and Greated (Buick & Greated, 2000) to account for external forces:

u ,eq  u' 

  (F   N   E  )


(2.10)

To allow a density ratio up to 20, the equilibrium distribution functions are expressed as
follows:
f i ,eq  i [ri 

3
9
3
c  u ,eq  4 (ci  u ,eq ) 2  2 u ,eq  u ,eq ]
2 i
c
2c
2c


 '
3  2  ,  i  0



ri    '
 , i  0
  
ri '  1,  i  0

(2.11)

(2.12)
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where

  ,   ' are the heavy and the light fluid densities, respectively. The streaming step

is executed for the various fluids using the following equation:

fi ( x  ci t , t   t )  fi ( x, t   t )

(2.13)

This is followed by calculating the macroscopic observables using Eq. (2.5).
LBM has been used in the study of fluid-solid interaction in micro-channels, on flat
and rough surfaces. (Fei, Cheng, & Hong, 2006) studied the effect of the build-up of CO2
bubbles generated at the Anode side on the performance of Micro-direct methanol fuel
cells. The SC multiphase and multi-component model was used to optimize the cell
reaction layer pore size with and without micro-pump and to study the effects of
hydrophobicity of the walls. (van Kats & Egberts, 1998) used a three-phase (2D) lattice–
Boltzmann model to simulate fluid–fluid interface at the microscopic scale. Florian et al.
studied different spreading regimes of a droplet on a fluid–fluid interface depending on
the dominating forces and both inertia and viscous resistance were induced. They found
that the spreading rates derived from simulations agreed with analytically obtained
spreading rates for both capillary- and gravity-driven flow. (Raiskinmäki, Koponen,
Merikoski, & Timonen, 2000) simulated spreading of small droplets on smooth and rough
solid surfaces using the three-dimensional LBM and found that this method can indeed
be very useful in such studies. (Leopoldes, Dupuis, Bucknall, & Yeomans, 2003) studied
the behavior of micron-scale fluid droplets jetted onto surfaces patterned with lyophobic
and lyophilic stripes. Their results showed close quantitative correspondence between
numerical solutions of the hydrodynamic equations of motion describing the spreading
and the experimental results. Léopoldés et al. underlined the inherent difficulties in
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controlling the details of the formed patterns using inkjet printing and the subtle effects of
the surface wetting properties on the behavior of liquids on patterned substrates. (Mo,
Liu, & Kwok, 2005) employed the reactive-wetting technique by using the LBM to move
liquid against gravitational force and studied the mass flow of the drop. Their results
indicated that the method employed was suitable for producing most of the experimentally
observable responses. (Kang, Zhang, & Chen, 2005) presented the dynamic behavior of
a 3D immiscible droplet in a duct by the LB multiphase multi-component model to study
the effects of the contact angle and capillary number on the droplet dynamics. The results
pointed out that there exists a critical capillary number, under which the droplet would
move along the wall and reach a steady state. To obtain a comprehensive understanding
for the superhydrophobic surfaces, LBM is used as a suitable scheme to study the
multiphase flows over surfaces with different structures. The LBM can recover correct
macroscopic fluid motion by incorporating the complicated physics into simplified
microscopic kinetic equations. (Y. H. Kim, Choi, & Lee, 2011) presented a LBM to provide
a relationship between roughness and contact angle for superhydrophobic surfaces with
different pillar shapes. They showed that the transition in the drop energy state
corresponded to the point that the system had enough energy to overcome the energy
barrier between its initial metastable composite state and the thermodynamically favored
wetted regime. (Schmieschek & Harting, 2009) studied the dependence of the contact
angle on some geometrical measurements and model parameters such as the curvature,
system size, initial droplet volume, coupling parameter and wetting parameter (pseudo
density).They pointed that the dependence of contact angle on the model parameters is
stronger than its dependence on the geometric measurements. The effect of surface
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topography on the contact angle hysteresis has been studied by (Hyväluoma, Koponen,
Raiskinmäki, & Timonen, 2007). By using LBM using the SC multiphase model, they
simulated droplets sliding on an anisotropic surface. The study showed that the contact
angle hysteresis decreased as the surface becomes more hydrophobic. Hyväluoma
concluded that the contact angle hysteresis is a better parameter for the purpose of
characterizing the superhydrophobicity. (Dupuis & Yeomans, 2006), studied movement
of a drop pushed gently by a constant force across a superhydrophobic surface by using
a free energy LB. They found that there is an increase in velocity of about 50% as the
number of posts is decreased to zero for suspended drops. (Stensholt & Øien, 2011)
tested the ability of LBM-SC scheme to present how the droplet motion induced by surface
tension. The model revealed a proportional relationship between the velocity of droplet
and the surface tension gradient, the droplet’s radius, and the inverse of the viscosity.
(Sbragaglia, Benzi, Biferale, Succi, & Toschi, 2006) presented a multiphase flows LBM to
describe the wetting and dewetting transition of fluids in the presence of complex
geometries in micro and Nano-devices. The study concluded that the physics of the
boundary conditions is quantitatively reproduced by modeling the fluid at mesoscopic
level, and showed the possibility to design smart surfaces by combining geometry and
hydrophobicity, with slippage properties that can be changed by a control parameter.
In order to understand the relation between the wettability of a surface and droplet
spreading mechanism, various numerical models were developed. The numerical
schemes involved in these models included continuum approach based models such as
VOF studies used by (Gerardo Trapaga & Szekely, 1991) and (G Trapaga, Matthys,
Valencia, & Szekely, 1992), Lagrangian finite-element methods used by (Fukai, Zhao,
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Poulikakos, Megaridis, & Miyatake, 1993) and (Fukai et al., 1995), level-set approach
developed by(Zheng & Zhang, 2000), and Lattice-Boltzmann models (LBM) such as free
energy approach used by (Dupuis & Yeomans, 2004), Inamuro model (Inamuro, Ogata,
Tajima, & Konishi, 2004) used the projection method to resolve the large density

difference. Then (Yan & Zu, 2007) and (Y. H. Kim et al., 2011) used it for modelling of
interfacial transport phenomena of two-phase and complex flows, and the pseudopotential based approach developed by(Shan & Chen, 1993). Though the sharp interface
developed by the continuum approach based models has an advantage over diffuse
interface based lattice Boltzmann models, the interface modeling and complex grid
adaptability of continuum models made it difficult to handle the problems related to droplet
wetting and droplet dynamics. The inherent interface forming mechanism of LBM along
with the nonlocal interaction potential among the nearest-neighboring particles made the
pseudo-potential LBM (Shan & Chen, 1993) a good numerical tool for simulating multiphase and multi-component flows. The scheme was first proposed by Shan and Chen,
and thus will be further referred to as Shan and Chen (SC) model in the present work.
(Martys & Chen, 1996) improved the SC model further by projecting the original scheme
from 4D FCHC into D3Q19 regular lattice, and added gravity and fluid-solid interaction
forces to simulate multi-component flows in porous media.
2.3 Static Contact Angle Analysis:
The contact angle measures the ability of a liquid to spread when deposited on a
planar solid surface. The solid-air and liquid-air interfaces come together to form static
contact angle (). The contact angle can be defined as the angle at which the outline
tangent of a liquid drop meets a solid surface. Depending on the value of the contact
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angle, surfaces are considered as hydrophobic with angle (  90o) or hydrophilic with
angle (  90o). Superhydrophobic surfaces are surfaces with contact angles ( > 150o)
(De Gennes et al., 2004).

Fig 2.2 - Surface forces acting on the three phase contact line of a liquid droplet deposited on a substrate

There are several models for interface force equilibrium; the most general model
is Laplace’s theorem which indicates the relation between the surface tension and the
pressure difference inside and outside of a spherical interface as (Okiishi, Munson, &
Young, 2006):
P  2 / R

where,  is a surface tension coefficient, 𝑅 is radius of the interface.

Fig 2.3– Liquid drop under zero-gravity (Michael Nosonovsky & Bhushan, 2005).

(2.14)
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2.3.1 Smooth surface:
When a liquid contacts a solid surface, the molecular attraction reduces the energy
of the system for the two separated surfaces. The work of adhesion per unit area between
two surfaces is given by the Dupré equation (Bisanda, 2000):

WSL   SA   LA   SL
where

 SA is

the solid air surface tension,

(2.15)

 LA

is the interfacial tension and

 SL is

the

solid liquid surface tension. The contact angle is determined from the condition of
minimizing the total energy Etot of the system. That is given by:

Etot   LA  ALA  ASL   WSL .dASL

(2.16)

Fig 2.4 - Liquid droplet in contact with smooth and rough surfaces (Michael Nosonovsky & Bhushan, 2007).

By assuming that the droplet is small enough, so the gravitational potential energy can
be neglected. At the equilibrium dEtot  0 :

0   LA (dALA  dASL )  WSL .dASL

(2.17)

For a droplet of constant volume, and using geometrical considerations:

dALA
 cos  o
dASL

(2.18)
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This leads to Young’s equation for the contact angle on flat surfaces (Michael Nosonovsky
& Bhushan, 2007):

cos  o 

 SA   SL
 LA

(2.19)

Young’s expression is a simplification of the real situation and it is valid only for smooth
homogeneous surfaces, which characteristics are not allowed to change due to
interactions of the penetrating liquid with any outside force.
2.3.2 Rough surface:
To capture the effects of roughness (Wenzel, 1936) suggested the following
changes to Eq. 2.18 with the assumption that the liquid is filling all the asperities:

cos  

dALA ASL dALA

 R f cos  o
dAF
AF dASL

(2.20)

where AF is the projection of the rough surface and R f is the surface roughness factor.
Wenzel State is valid only for moderate values of R f  1  R f cos o  1 . By
considering a surface consisting of an array of high posts, the liquid cannot penetrate into
the surface cavities, resulting in formation of air pockets. This leads to a composite solid–
liquid–air interface as it was suggested by (Cassie & Baxter, 1944). The change in surface
energy associated to a small displacement ds of the contact line, can be written as (José
Bico, Thiele, & Quéré, 2002):

dE  S ( SL   SA ) ds  (1  S )  LA ds   LA ds cos *
0

 S ( SL   SA )
 (1   S )  cos *
 LA

(2.21)

(2.22)
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where  * is the apparent contact angle,  S  R f f SL is the fraction of solid contacting the
liquid and

f SL is the area fraction of the projected wet area. On rough surfaces if

hypothetically only air was present between the solid and the liquid ( S

 0 ), the contact

angle would be 180°. The apparent contact angle in the Cassie state C is caused by both
solid and air and this yields:

cos  C  1  S  cos   1

(2.23)

For square topped pillar geometry (Milne & Amirfazli, 2012):

s  a / c , 1  s  b / c

Fig 2.5- shows the view of roughness geometry of square pillars (Milne & Amirfazli, 2012).

Cassie-Baxter proposed a formulation for the composite interface apparent contact angle,
based on subtracting the liquid-air differential area from the total area as follows:

cos  

dALA  f LA dAC dASL dAF dALA

 f LA
dAC
dAF dAC dASL
(2.24)

cos  R f f SL coso  1  f SL
where AC is the flat area of the composite interface and

f SL  1  f LA is the fractional flat

geometrical area of the liquid-solid interface under the droplet.
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The apparent contact angle is generally expected to follow the Wenzel behavior
on surfaces with mild roughness and to obey the Cassie behavior on highly rough
surfaces. Depositing a water droplet on a moderately 𝑅𝑓 ≫ 1 rough surface can lead to
the Cassie-Baxter state with air pockets in the surface texture. In the CB state any addition
of energy could lead to a transition to the Wenzel state. The contact angle resulting from
a Wenzel shows increased sensitivity to contamination. On the contrary, for a CassieBaxter it would show decreased sensitivity. Physically, this explains that in Wenzel case,
the liquid increases its contact with the solid, whereas in the Cassie-Baxter case the
contact is decreased.
Numerous scientific papers have demonstrated how important roughness is for
superhydrophobic surfaces and have focused on the relation between contact angles and
surface geometry (Genzer & Efimenko, 2006; McHale, Shirtcliffe, Aqil, Perry, & Newton,
2004; Patankar, 2004a). It was of particular interest to understand which regime describes
most accurately liquid wetting in the non-wettability regime. The Wenzel, Cassie and
Cassie-Baxter formulas were used to explain the rough surfaces energetic. For square
pillars of size (a  a), height ℎ, and spacing, arranged in a regular array, the Wenzel and
Cassie apparent contact angles were calculated as follows (He et al., 2003):

cos C  A (1+coso )  1

(2.25)

 4A 
cos W  1 
coso
 a / h 

(2.26)

where A 

1
b 
  1
a 

2
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(He et al., 2003) showed experimentally that on same rough surface, there can be two
contact angles corresponding to Wenzel’s theory and Cassie theory. The droplet could
have a composite or wetted state according to how it was formed. For instant the
composite surface is formed and high contact angle obtained from gentle deposition of
the droplet.

Fig 2.6 – The theoretical predicted apparent contact angle as a function of the geometric parameter (He
et al., 2003).

The critical point, which is used to design a robust superhydrophobic, is the
intersection point between the Wenzel and Cassie curves that shown in Fig (2.6). In this
point, there is no change the CA even when transition from composite to a wetted surface
occurs. The equilibrium contact angle o as a function of geometric parameters at the
critical point becomes:
coso 

1


4A
 (a / h)( A  1)  1



(2.27)
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(Bhushan et al., 2009) studied the effect of micro, nano and hierarchical structures
on superhydrophobicity, by analyzing the roughness factor and the static contact angle.
They found that the roughness factor 𝑅𝑓 and the fractional liquid-air interface 𝑓𝐿𝐴 of the
hierarchical structure are higher than those for micro and nanostructures and the air
present in hierarchical structure, decreases the solid-liquid contact area. (Bittoun &
Marmur, 2009) studied the superhydrophobicity of different types of rough surfaces
(cylinder, truncated cones, paraboloids, and hemispheres), by using theoretical model for
Wenzel and Cassie-Baxter wetting states. They concluded that the surfaces which consist
of paraboloidal protrusions are the optimal within the tested surfaces. (Patankar, 2009)
investigated the drop energy on a solid surface with cavities and showed that the effective
surface energy depends on the equilibrium state (stable or unstable) of liquid-air interface
inside the cavities. He concluded that if the cavities are designed appropriately a high
contact angle of a rough surface made of hydrophilic material can be reached it. (Michael
Nosonovsky & Bhushan, 2005) studied the relationship between the local roughness and
contact angle for various roughness distribution; they pointed out that for a surface with
roughness induced superhydrophobicity, the asperities should be small compared to
typical droplet size. The asperities should have high aspect ratio ℎ⁄𝑎 to provide high
surface area and should be tightly packed. This is to minimize the distance between them
in order to avoid composite interface destabilization. The authors concluded that the
hemispherically topped cylindrical and pyramidal asperities gave a maximum contact
angle approaching 180o. The authors of (Martines et al., 2005; Yoshimitsu, Nakajima,
Watanabe, & Hashimoto, 2002; Zhao, Park, & Law, 2012)studied the water wettability on
surfaces comprising of pillars with different aspect ratios. By varying the aspect ratio of
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the pillars, through modifying the surface area of the pillars, they discovered that at low
aspect ratios the wettability could be described by the Wenzel model. By increasing the
aspect ratio there was a transition from the Wenzel to Cassie wettabilities. Other studies
(Extrand, 2002; Marmur, 2003, 2004; Patankar, 2003) provided theoretical hypothesis for
understanding wettability on rough surfaces by assuming an array of square pillars. They
evaluated the wettability by using the Wenzel and Cassie models, and established the
conditions for the existence of the Wenzel and Cassie regimes. These studies showed
that in order to achieve non-wettable surfaces (Cassie regime); it is necessary to
construct a surface from slender and sparsely spaced pillars. The wettability in the
Wenzel and Cassie regimes was studied in detail in references (José Bico, Marzolin, &
Quéré, 1999; J Bico, Tordeux, & Quéré, 2001; Lafuma & Quéré, 2003; Patankar,
2004b).The authors showed that there is a critical value of the roughness factor R f above
which the Wenzel regime is thermodynamically more stable and below which the Cassie
regime exists. (Callies & Quéré, 2005) showed that metastable Cassie drops may form
on surfaces, which thermodynamically prefer the Wenzel regime. The metastability was
demonstrated in several ways, and that the state of the droplet depended on the amount
of liquid as well as the means of depositing the liquid on the surface.
2.4 Dynamic Contact Angle:
Wenzel’s and Cassie-Baxter’s theories are widely used, but there is still continuing
investigation about their applicability to dynamic droplet behavior. For a droplet moving
along a solid surface, the droplet contact angle at the front (advancing angle) is greater
than the back (receding angle), resulting in contact angle hysteresis. Contact angle
hysteresis is an important parameter in understanding drop motion on a surface.
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2.4.1 Furmidge expression for tilted surfaces:
When the droplet starts to slide, the gravity acting on the liquid drop becomes
greater than the surface tension force, and contact angle hysteresis reaches its maximum
value. The critical sliding angle () for the droplet can be calculated by balancing these
two forces (Furmidge, 1962):
 LV (cos r  cos a ) 

mg
sin
w

(2.28)

where m is the droplet mass and w is the solid-liquid contact width. The critical line force
F required for starting a drop movement over a solid surface is given by:

F   b  LA (cosr  cosa )

(2.29)

where b is the solid/liquid contact radius. By assuming that the center of mass of the
droplet is lowered by a quantity  , the surface tension force that tends to impose a
minimal surface area, thus making the drop spherical, becomes (

 LA ) . Meanwhile the

gravitational body force that tries to flatten the droplet is scaled as (  gR ) .
3

Fig 2.7 - Retention of liquid drops by solid surfaces (Furmidge, 1962).

The balance of these forces after considering the geometrical relation 𝑏 2 ~𝛿. 𝑅, yields
(Quéré, 2008):
b  R 2

(2.30)
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 is the capillary length ( = √𝛾𝐿𝐴 ⁄𝜌𝑔)~2.7𝑚𝑚 for clean water at ambient conditions (S.
H. Kim, 2008).

Fig 2.8- The values of advancing and receding contact angles for: (a) rough profile (b) rough profile with
composite interface (Michael Nosonovsky & Bhushan, 2005).

The gravitational effect can be ignored when the liquid drop size is smaller than
the capillary length (diameter <  ). The difference between the two angles ( a   r )   H
is the contact-angle hysteresis.
2.4.2 Contact angle hysteresis:
It is not easy to obtain low contact angle hysteresis with low contact angle. It is
also difficult to roll-off the droplet on the surface with low static contact angle except if the
contact angle hysteresis is very small. The droplet can also roll-off with apparent contact
angle that is larger than 150o, even if the contact angle hysteresis is greater than 5 o.
Wenzel state gives larger contact angle hysteresis than Cassie-Baxter state because as
the contact line recedes the liquid fills the texture and eventually gets trapped in the
surface (Harder, Shedd, & Colburn, 2008; Quéré, 2002). (Harder et al., 2008) showed
that the contact angles increase in wetted area. Since the liquid penetrates the pattern in
Wenzel regime, the wetted area increases with pattern depth. On the contrary, the
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contact angles in Cassie-Baxter regime depend on the proportion of the liquid solid
interfacial area versus trapped air. This study concluded that the liquid has a physical
interaction with the patterned base and the contact angles are independent of the pattern
depth. (Raj, Enright, Zhu, Adera, & Wang, 2012) studied the droplet dynamics during the
advancing, pinning and receding modes. Their results showed that heterogeneous
surface plays a role in the contact line dynamics. They stated that for a low energy surface
with high energy defects, the advancing contact angle was independent of the defect
fraction and it had the same value as that of the homogeneous low energy surface. On
the other hand, the receding angle was shown to be dependent on the relative fraction of
the contact line on the respective surfaces, and it was influenced by the contact line
distortion. (Gao & McCarthy, 2006) studied the droplet movement and repellency by
(viewing) the contact line structure and energy barriers to contact line movement. They
found that along the three-phase contact line, the droplet needed to either advance or
recede to move. Change in the droplet shape (sphere) was required before it started to
move. Sphericity was regarded as an activation barrier to motion that can be quantified
by the increase in liquid/vapor interface area 𝛾𝐿𝑉 𝑑𝐴𝐿𝑉 . Lichao G. and Thomas J. also
showed that molecular level topography and flexibility impacted the contact angle
hysteresis. (McHale, Shirtcliffe, & Newton, 2004) used Wenzel and Cassie-Baxter
concepts to predict how hysteresis on a flat, smooth material, is transformed for a created
superhydrophobic surface. They concluded that, in Wenzel case, the liquid increases its
contact with the solid, whereas in the Cassie-Baxter case, the contact is decreased.
(Quéré, 2002) showed that a high contact angle and low hysteresis can result in a
reduction in the force required to set a drop into motion. Due to the difference in forces
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per unit length which is function of the liquid-vapor surface tension (𝛾𝐿𝑉 ), which results in
a differing contact angles at two sides of the drop, when the upper angle reaches the
receding angle 𝜃𝑟𝑒𝑐 and the lower angle reaches the advancing angle 𝜃𝑎𝑑𝑣 , the drop just
begins to move. (Kamusewitz, Possart, & Paul, 1999) studied the influence of the
roughness of parafﬁn wax surfaces on the static and dynamic contact angle hysteresis.
They found that the advancing angle increases by the same amount as the receding
decreases with growing roughness, which is related to higher asperities due to the barrier
effect. In other words, the capillary depression of the solid surface is responsible for the
increase of advancing and receding water contact angles. Kamusewitz et al. reported that
the liquid, the solid, the surface proﬁle, the temperature and the immersion speed, may
inﬂuence the equality between dynamic and static contact angles. (Chen et al., 1999)
pointed out that the contact angle hysteresis is more important to fully characterize
wettability than the contact angle. They concluded that the term superhydrophobic should
be reserved for surfaces upon which, drops move easily when these surfaces are
horizontal or near-horizontal. (Öner & McCarthy, 2000) showed experimentally that the
receding angle on rough surface is lower than the one observed on the corresponding
smooth surface with the same chemical composition, while advancing angles were higher
than those on smooth surfaces. (Extrand, 2006) reported that for surfaces with optimal
repellency, the asperity size, shape, and spacing are important parameters to produce a
suspension pressure, which will resist the applied external pressure, due to the liquid
column or impinging drops. He pointed out that the most effective way to reduce contact
angle hysteresis of a super repellent surface is to decrease the linear fraction of contact
line on the asperities.
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2.4.3 Micro-devices and micro channels:
The motion of single and multiphase fluids in microdevices is also an important
research topic due to its usefulness in a wide range of important applications. The fluidic
drag reduction phenomenon of water flows on superhydrophobic surfaces has been
explained theoretically and demonstrated experimentally.

(Watanabe, Udagawa, &

Udagawa, 1999) studied the slip of Newtonian fluids in pipes from a fluid mechanics’
macroscopic point of view. Their experimental results showed that the laminar drag
reduction ratio was about 14 % and it increased with increasing viscosity. (Ou, Perot, &
Rothstein, 2004) demonstrated the existence of laminar drag reduction in rectangular
microchannels through measuring the pressure drop resulting from the flow of water. The
impact of the surface topology on the drag reduction was explored to highlight that, the
effectiveness of these surfaces had increased with increasing the roughness spacing and
decreasing the channel height. Confocal surface metrology system was used in this
experiment to measure the deflection of an air–water interface that was formed between
microposts and supported by surface tension. This shear-free interface reduced the flow
resistance by allowing the fluid to contact only a very small effective area of the silicon
surface. The results showed that with shear-free boundary condition, the pressure drop
reductions increased up to 40% and the apparent slip lengths was larger than 20µm. In
fuel cell systems, the superhydrophobicity of carbon nanotubes can promote the water
removal from the electrode by repelling the water produced during the electrode reaction
(X. Zhang et al., 2008). (Li, Wang, Chen, Waje, & Yan, 2005) developed a simple and
scalable filtration method by preparing superhydrophobic oriented carbon nanotubes as
cathode catalyst. This configuration helped improving the efficiency of the fuel cell. (Lifton,
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Simon, & Frahm, 2005) developed a new battery architecture based on a nanostructured
superhydrophobic material combined with electro-wetting. This approach facilitated the
creation of a structural design, which makes it possible to keep the electrolyte and
electrode separate from each other.
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CHAPTER 3
OUTLINE OF THE PRESENT WORK
3.1 Research objectives
The objectives of this work is to provide an efficient LBM SC based CFD model,
capable of solving complex problems related to droplets behavior on superhydrophobic
surfaces. This will be achieved through the following steps:
a. Code development
• Extend the multi-component LBM SC model to conform it to the theory of Wenzel and
Cassie energy states by introducing a correction factor to the interfacial tension inducing
source term.
b. Validation
• The developed code should be tested and validated through comparison with other
numerical, analytical and experimental results.
c. Application
• Use the presented model in optimizing the energy required for the flow of single droplet
in bounded channel with parabolic flow.
• Use the presented model in studying the effects of pinning on the movement of a single
droplet on sloped surfaces.
3.2 Dissertation organization
In Chapter 4 It was observed that surfaces fabricated with nano/micro roughness
can manipulate the droplet contact angle, thus providing an opportunity to control the
droplet wetting characteristics. Although the Shan and Chen (SC) lattice Boltzmann
model (LBM) is good for simulating droplets wettability due to its realistic nature of droplet
contact angle (CA) prediction on flat surfaces; however the SC-LBM was not able to
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replicate the CA on rough surfaces because it lacked a real representation of the physics
at work under these conditions. By using a correction factor to influence the interfacial
tension around the rough surface hence mimicking the physical forces acting on the
droplet at its contact lines, the experimentally confirmed Wenzel and Cassie states were
replicated. Roughness structures with different spacing were used to validate the study
using the classical Wenzel and Cassie equations. The present work highlights the
strength and weakness of the SC model and attempts to qualitatively conform it to the
fundamental physics, which causes a change in the droplet apparent contact angle, when
placed on nano/micro structured surfaces.
Chapter 5: The Lattice Boltzmann method is used to analyze the movement of droplets
in contact with flat horizontal surfaces under the influence of parabolic flow, with and
without roughness. This work identifies the main factors, which influence the multiphase
fluids transport in squared channels. Effects of dimensionless radius, Weber number,
Reynolds number and static contact angles are evaluated by calculating the power
required for moving single droplets in comparison to the power needed for moving the
undisturbed flow in the channel. Guidelines for optimizing the design of such flow are
presented.
Chapter 6: The sliding-rolling of droplets on sloped surfaces with and without roughness
is numerically investigated. The Shan and Chen (SC) Lattice Boltzmann model (LBM) is
used to analyze the effect of pinning on the movement of droplets placed on sloped
surfaces. The model is checked for conformance with the Furmidge equation which
applies to tilted unstructured surfaces. It is shown that a droplet sliding on a perfectly
smooth surface requires very minimal slope angle and that pinning due to the
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inhomogeneous nature of manufactured smooth surfaces is the key factor in determining
the minimal slope angle. The model is also used on sloped rough surfaces to check the
effects of roughness on the movement of single droplets. The numerical outcomes are
compared with published experimental results for validation and a dimensionless number
is suggested for quantifying the degree of pinning needed to control the behavior of sliding
droplets on sloped surfaces.
Chapter 7 Presents a summary of the research findings, and suggests some future
recommendations.
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CHAPTER 4
A LATTICE BOLTZMANN MODEL FOR SUBSTRATES WITH REGULARLY
STRUCTURED SURFACES ROUGHNESS
It was observed that surfaces fabricated with nano/micro roughness can
manipulate the droplet contact angle, thus providing an opportunity to control the droplet
wetting characteristics. The Shan and Chen (SC) lattice Boltzmann model (LBM) is a
good numerical platform which holds strong potentials to qualify for simulating droplets
wettability. This is due to its realistic nature of droplet contact angle (CA) prediction on
flat surfaces. But SC-LBM was not able to replicate the CA on rough surfaces because it
lacks a real representation of the physics at work under these conditions. By using a
correction factor to influence the interfacial tension around the rough surface hence
mimicking the physical forces acting on the droplet at its contact lines, the experimentally
confirmed Wenzel and Cassie states were replicated. Roughness structures with
different spacing were used to validate the study using the classical Wenzel and Cassie
equations. This part highlights the strength and weakness of the SC model and attempts
to qualitatively conform it to the fundamental physics, which causes a change in the
droplet apparent contact angle, when placed on nano/micro structured surfaces.
The contact angle measures the ability of a liquid to spread on a surface. When a
droplet is deposited on a planar solid surface, the contact angle can be defined as the
angle at which the outline tangent of a liquid drop meets a solid surface. Depending on
the value of the contact angle, surface properties are determined as hydrophobic ( 
90 degrees) or hydrophilic (  90 degrees). Superhydrophobic surfaces are surfaces
with contact angles higher than 150 degrees. The contact angle is determined from the
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condition of minimizing the total energy of the system dETot

 0 , which leads to Young’s

equation.

Fig. 4.1- Description of the forces per unit length acting on the contact line of a liquid droplet deposited
on a flat surface at equilibrium

This chapter is organized as follows: section 4.1 reviews the LBM, the SC model,
and provides a detailed description of the implementation of the effect of surface
roughness in the SC model. Section 4.2 is a numerical simulation for the validation of the
proposed model. Section 4.3 is the simulation results and discussion, and
4.1 Static Contact Angle in the Shan and Chen Model
In this chapter the LBM single-relaxation Bhatnagar-Gross- Krook (BGK) scheme,
from section (2.2), is used for the simulation of contact angle problems.
For achieving static contact angle on a smooth flat surface in a physical system, Young’s
equation must be satisfied:

 LV cos    SV   SL
where

 LV ,  SV and  SL are

(4.1)
the interfacial, vapor-solid and liquid-solid tensions,

respectively. These are shown qualitatively in the left section of Fig. 4.2. The liquid-solid
surface tension relation to the adhesion force per unit length is expressed by Dupré’s
equation (Giese & Van Oss, 2002):

 SL   LV   SV  AAD

(4.2)
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Substituting

 SL in Eq. (18) yields the following relation between AAD and  VL :

AAD   LV 1  cos  

(4.3)

Hence, the adhesion force determines the magnitude of the induced capillary
force. The difference in strength between the liquid cohesive forces per unit length
expressed through

 LV

and the adhesive forces per unit length

strength of the resulting liquid-solid surface tension

 LS and

AAD determines the
thus the wetting

characteristics leading to a droplet static contact angle. Larger the adhesion force is, the
weaker the liquid-solid tension as per Eq. (4.2) and the smaller the static contact angle
as per Eq. (4.3).
In the SC model Eq. (2.8) is used to control the contact angle of a droplet on a flat
surface. This is shown in Fig. 4.2, where the phase field contours and velocity vectors
indicate, that the contact angle can be controlled by tuning the values of the constants

Gads
for the suspending and suspended fluids. In the shown qualitative 2D simulation
R

B

results of Fig. 4.2, the value of Gads is negative, while Gads varies from positive to negative.
This change translates into a change in the wettability of the surface. An increase in the
R

B

magnitude of the negative constant Gads and a positive value of Gads is observed to
increase the wetting of the surface.
In the proposed model, the location of the adhesion forces application is within 2
nodes of the solid boundary. This is to apply the adhesion force below the center of the
diffuse droplet interface.
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Spreading of droplet in the numerical model is due to the vector addition of
cohesive forces and adhesive forces at the triple point line. In the model, cohesive forces
are controlled by a parameter Gσσ’, and adhesive forces are controlled by a parameter

Gads
. The velocity vectors shown in Fig. 4.2, indicate that the resultant force acts outward

on a wetting surface, and inward on a non-wetting surface. The achieved steady state
contact angle depends mainly on the droplet local capillary number which magnitude
determines the limits of droplet deformation. At the droplet base, the adhesion forces
have their directions perpendicular to the solid surface, while the interfacial tension force,
which presence is due to model spurious effects is normal to the interface. The addition
of all forces changes the resultant direction at the droplet interface with the wall and
gradually alters the droplet shape in the vicinity of the solid from spherical to flat.

Fig. 4.2- Phase field and velocity vectors for droplets in close proximity to a flat surface. The qualitative
magnified velocity vectors description shows that a resultant force acts in the vicinity of the contact line
and determines the droplet behavior. The small insets in the picture are the pressure contours of the
droplet for the different cases. The left side arrows are for conceptual explanation of the Young’s
equation for static contact angle.
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The model behavior is in qualitative conformance with the theory of wetting. The
B

effect of imposing positive constant Gads , combined with increasing the magnitude of the
R

negative constant Gads in the model, i.e. increasing the liquid-solid adhesion force is
similarly observed, to diminish the liquid-solid tension and thus leading to more droplet
spreading and a decrease in the contact angle. This is obvious from the pressure
contours of the three cases shown in Fig. 4.2, where lower pressure indicative of lower
tension, is associated with lower contact angle.
The contact angle is usually used to quantify adhesiveness. In the cases where
the contact angle is low, more adhesion is present. Strong adhesion and weak cohesion
in water systems results in hydrophilic condition with low measured contact angles and
high degree of wetting. Conversely, weak adhesion and strong cohesion results in
hydrophobic conditions with high measured contact angles and poor wetting (Barnes &
Gentle, 2011).
4.2 Apparent contact angle in the Shan and Chen Model
The effects of surface roughness on the static contact angle of a droplet can be
explained by two main theories:
-Wenzel’s theory assumes that the liquid fills the cavities of the rough substrate. The
apparent contact angle  W due to the surface roughness is calculated with respect to the
static contact angle on a flat surface  by the following (Wenzel, 1936):

cos  W  R f cos 

(4.4)

where R f is the ratio of the actual area of the rough surface to the geometric projected
area.
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-Cassie’s theory assumes that air is trapped in the asperities of the rough surface and a
composite surface is formed as shown in the right section of Fig. 4.3. The apparent
contact angle is given by the following equation (Cassie & Baxter, 1944):

cos  C  1  S  cos   1

(4.5)

 S is he remaining area fraction of the solid surface.

where

Wenzel and Cassie equations are considered as special cases of what is known
as the Cassie-Baxter equation. The Cassie-Baxter theory uses the following formula for
calculating the apparent contact angle of a droplet deposited on a rough surface (Michael
Nosonovsky & Bhushan, 2007):

cos  CB  R f f SL cos   1  f SL

(4.6)

where f SL is the fractional geometrical area of the solid-liquid under the droplet. From
Eq. (4.6) it is obvious that Eq. (4.4) can be recovered if
well be recovered from Eq. (4.6) if R f  1 and

f SL  1 . Equation (4.5) can as

f SL   S .

In the presence of surface roughness in a physical system and depending on how
the droplet is deposited on the surface, Wenzel’s or Cassie’s type of wetting could prevail.
The composite surface could be maintained, or there could be a transition to completely
wetted surface if external energy is added, such as dropping the droplet from a height or
squeezing it against the surface roughness (He et al., 2003; Zhu, Feng, Ye, & Zhou,
2006).
A force balance at the interface within the asperities of a dynamic droplet,
determines the state to which the droplet belongs. The interface is subjected to the
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following forces: Laplace pressure PIN  POUT  2 LV K induced force, kinetic impact force
2

resulting in dynamic pressure PD   V 2 and water hammer pressure PWH  k VC
resulting force due to the capillary waves during and shortly after impact (Kwon, Paxson,
Varanasi, & Patankar, 2011). K is the droplet curvature, P  PIN  POUT is the pressure
difference between the fluids inside and outside of the droplet, V is the velocity of the
fallen droplet, k is a constant and C is the speed of sound. For a gently deposited small
droplet it is obvious that the only force that is applicable to the interface is due to the
Laplace pressure.
The forces on the inner side of the interface are counteracted upon by the capillary
force which is a function of the interfacial tension and the specific geometry of the surface
roughness. The capillary pressure induced by an array of square pillars, was calculated
by (Patankar, 2010) as follows:
Pc 

  4 cos  a  

a

b

 ; A  1   1
1
A 1 
a


2

(4.7)

where  is the surface tension of the liquid,

 a is the advancing contact angle, a is the

pillar width and b is the pillars spacing.
For static droplets, the height of the interface at a given distance x from the
roughness peak, can be assessed by solving the following non-linear equation (Lister,
Morrison, & Rallison, 2006):
3

 LV

  dh 2  2
d h
  P   gh  1    
dx 2
  dx  
2

(4.8)
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where h is the height of the interface at a given distance x. The wetting state of the static
droplet is pretty much determined by the height of the interface at the middle of the
roughness spacing. A direct contact between the droplet interface with the base surface
leads to total wetting of the surface.
Plotting Eq. (4.7) for several structured surfaces with a simulation value of the
0
surface tension   3.5 10 , two advancing contact angles a  110 ,  a  75 and

2

0

several roughness spacing is shown in Fig. 4.3-A&B. This was done to qualitatively show
a diminishing trend of the capillary pressure with the increase in the roughness’ spacing
for non-wetting angle and conversely an increasing trend for a wetting angle.
In the presence of structured surface in the SC numerical model, it is observed
that for simulated droplets with static contact angle of 110 degrees, the effects of the
capillary pressure increases with increasing the roughness’ spacing for the same values


of Gads as shown qualitatively by the droplet phase field contours in Fig. 4.3-A&B. Smaller
spacing causes more impalement of the droplet and lower contact angle. Conversely
larger spacing leads to composite wetting and higher contact angle. An estimation of the
capillary pressure in the presented simulations of Fig. 4.3-C is achieved by rewriting Eq.
(4.8) as follows:

Pc   gh 

 LV

d 2h
dx 2

  dh 
1   
  dx 

2





3
2

(4.9)

where  is the density difference between the liquid and vapor across the interface, g
is the acceleration due gravity and h is the height of the interface from the top of the
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rough surface. The heights of the interfaces of the four cases were measured directly
from the simulations. To solve for the first and second derivatives of Eq. (4.9), parabolic
shape was assumed for the interface within each of the asperities. The following
parabolic equation was used for the solution:
h  ax 2  b

(4.10)

The measured depth of the interface at the center was used to determine the
coefficient b at x = 0 and the boundary condition h = 0 at x = S/2 (spacing midpoint) was
used for determining the coefficient a in Eq. (4.10) for each case. This led to the
simplification of Eq. (4.9) to the following:





Pc   g ax 2  b 

 LV 2a
1   2ax  


2

(4.11)

3
2

The capillary pressure was calculated at several values of x throughout the
spacing of each simulation case and averaged values were used for plotting the line
graph shown in Fig. 4.3-C. As shown from the graphs for the capillary pressure and the
droplets’ phase field contours in Fig. 4.3, the behavior of the droplet on a structured
surface in the standard SC model is in contradiction with the behavior of the physical
systems described by Eq. (4.7). This behavior results from the local nature of the three


forces induced by the constants G ' , Gads and from the indifference of the numerical
model to the length scale of the constituent geometry. The critical capillary length is
calculated as follows:
1

  2
xc   LV 
  g 

(4.12)
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The capillary length which determines the application range of the capillary pressure in a
structured surface is not considered in the standard SC model.
The apparent contact angle on structured surfaces in the SC model is affected
mainly by the number of suspending fluid nodes within the asperities. Narrower
roughness’ spacing leads to higher pressure difference across the interface of the droplet,
which when augmented by the influence of the adhesion force of the walls, drives the
interface into the asperities; hence the SC model will always force Wenzel type of wetting
B

R

for positive values of Gads and negative values of Gads in case of narrow structure spacing.

Fig. 4.3: A and B- Phase field contours for droplets deposited on four surfaces with different spacing and
static contact angle of 110 degrees. The pressure contours shown as insets indicate the standard SC
LBM trend of diminishing pressure inside the droplet at the surface contact location with smaller
roughness spacing. C- Capillary pressure calculated by Eq. (4.7) in the presence of structured roughness
for static angle 110 degrees, 75 degrees and width a = 3. The line curve is the Capillary pressure
calculated by Eq. (4.11) with the interface height measured directly from the presented simulations.
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Considering the contradicting behavior of the model with respect to the physical
system described by Eq. (4.7), it is important to notice that at certain spacing the
calculated capillary pressure (with diminishing trend for larger spacing and non-wetting
angle) and the simulated capillary pressure (with increasing trend for larger spacing)
intersects. This intersection is shown in the graphs of Fig. 3-C and is located between 4
< b/a < 5.
It is also worth noting that with larger spacing and due to the pressure difference
between the inside and outside fluids of the droplet, sagging of the interface is witnessed
in the standard SC model as shown in the last case in Fig. 4.3, although the apparent
contact angle is large compared to the calculated angle by the Wenzel theory.
4.3 Correction factor for improving the apparent contact angle in the Shan and
Chen model
A closer look at Eq. (4.8) reveals that the interface of a droplet will be concave
upward for

PB  PR and concave downward for PB  PR . A structured surface is successful

in efficiently repelling liquids if it has properties which can lead to an interface in a
concave downward position, i.e. the surface will help retain the pressure of the vapor in
the asperities relative to the inner droplet pressure. This can be executed through
diminishing the local interfacial tension of the droplet in the vicinity of the surface
structure.
In line with the logic presented above and to remedy the inherent SC based LBM
model problems when simulating the Cassie, Cassie-Baxter and Wenzel conditions, the
basic approach for the fluid-solid interaction is maintained by applying Eq. (2.7) to all fluid
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nodes above the rough boundary; however a correction to Eq. (2.7) is used for all fluid
nodes inside the depression zones:
Q 1

F ( x, t )   ( x, t ) G '  i   ' ( x  ci t , t )ci




'

(4.13)

i 0

where   1  f is a dimensionless correction factor, used to tune the wettability of the
rough surface.
To test the proposed approach, several cases for simulating a droplet on a single
structured surface with spacing S = 6 lattice units were used for investigating the effects
of locally altering the interfacial tension within the asperities. The domain and simulation
conditions were the same as in the previous cases shown in Fig. 4.3.

Fig. 4.4. Top – Phase field and pressure contours for droplets deposited on three surfaces with same
roughness width and spacing but with altered SC LBM interfacial tension constant within the asperities
for imposing a non-wetting droplet behavior. Top insets – Pressure contours for the three droplets with
different correction constants. Bottom – Velocity contours in the vertical direction showing that with f =
0.25 the velocity in the vicinity of the roughness favors a non-wetting condition of the droplet. Bottom
inset – Magnified velocity vectors around the structure showing the numerical effects of reducing the
local interfacial tension within the asperities on the velocity magnitude and direction.
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The results of three simulations are presented in Fig. 4.4, from which it is
observed that by reducing the interfacial tension within the asperities, the wetting
conditions of the droplet has transitioned from wetting to composite state. The velocity
contours in the vertical direction are shown in the right section of Fig. 4.4, where it is
obvious that for a correction constant f = +0.25 the velocity magnitude in the positive
vertical direction is greater than those with constants f = +0.05 and f = 0. The inset in the
right section of Fig. 4 zooms on the velocity vectors at the lower left corner of the droplet.
These vectors show that by increasing the correction constant f in the positive range, the
velocity magnitude has increased in the upward direction. This is indicative of a pressure
balance across the interface which favors a concave downwards interface and hence a
composite droplet wetting state.
Knowing that spacing characterized by 4 < b/a < 5 does not require any
corrections as this was shown by the intersection of the capillary pressure curves in the
graph of Fig. 4.3, a pivotal spacing can be used for determining the value of the correction
constant f by scaling. The value of f is calculated by the following proposed scaling
equation:





 P P
bpivot
ct arg et
 c pivot

Pc pivot
bt arg et

f 
Q






(4.14)

where Pcpivot and Pct arg et are the capillary pressures of the pivotal and the targeted spacing,
respectively. These pressures are calculated using Eq. (4.7), where b is the spacing
between the opposing peaks of the structured roughness and Q is the number of lattice
links of the used LBM scheme.
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From Eq. (4.13) the dimensionless correction constant f acts to increase the
model capillary pressure for spacing below pivotal and to decrease the capillary pressure
for spacing above pivotal. This is due to a change in sign of the constant f when moving
from below to above pivotal spacing. Below pivotal spacing the constant is f > 0. This
leads to 1    0 within the structured spacing and hence an increase in the capillary
pressure through defeating the local interfacial tension. Conversely above the pivotal
spacing the constant is f < 0. This leads to   1 within the structured spacing and hence
a decrease in the capillary pressure through augmenting the local interfacial tension.
The condition for the application of the correction factor in the proposed model is
dependent on the spacing between the rough surface peaks, which should be smaller
than the critical capillary length xc .
4.4 Implementation of the apparent static contact angle correction in the SC model
for realistic droplets
2

A 2D domain consisting of 1400 lu was used in the simulations. In this work
the lattice time step,

ts is

mu is the lattice mass unit and lu is the lattice unit of length. The

relaxation time was set to   0.945 , resulting in a kinematic viscosity  0.148 lu ts . The
2

density of the vapor was B  1mu lu , while
3

R  16 mu lu3 was used for the liquid

density. The fluid-fluid interaction constant was set to G '  0.088 , and the initial drop
radius to Ri

 475 lu . The structured roughness size and height are set to 4 lu and 5 lu

(instead of 4 lu which is consistent with the method for applying the adhesion forces in
this model), respectively. This was to simulate 10 µm square pillars used in the
experimental work of (Kwon et al., 2011). The droplet size selected from the same work
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was 7µl, which leads to droplet radius size of 1186.7µm. The selection of the model
parameters ensured a geometrical similitude with ratio 2.5 µ/lu. A droplet was placed in
the middle of a symmetrical domain, and the interfacial tension was calculated as

 LV  0.035 mu ts2 using Laplace’s pressure equation. A gravitational acceleration
9

source term g  1.96 10
number Bo  4  gR

2

lu ts 2 was used. The imposed source term resulted in a Bond

 LV  0.0758 , consistent with the case from experimental reference

(Kwon et al., 2011). The simulations were carried out by placing the droplets on the
various structured surfaces and were stopped after reaching a steady state contact
angle. The vapor fluid-solid interaction constant was set to Gads  0.012 , while a constant
B

R
Gads
 0.01 was used for the liquid to tune the surface chemistry of the smooth wall. In the

SC model it is customary to use a value for the solid-fluid interaction, which is an order
of magnitude smaller than the fluid-fluid constant G ' . These conditions led to 110
degrees static contact angle on smooth surfaces. The bounce back condition was
implemented at the domain lower boundary with the structured base surface and periodic
boundary at the left and right surfaces. Free boundary was applied at the top surface. 2D
simulations were used in this section due to the geometrical constraints that are imposed
in order to simulate the real physical case from reference (Kwon et al., 2011).
For the domain and conditions mentioned above, the simulations, which results
are presented in Fig. 5 show that the pivotal spacing is 16 lu, which is similar to spacing
40µm from reference (Kwon et al., 2011). Under this condition the energy state for 7µl
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droplet is Cassie (Kwon et al., 2011), and the SC model produces the right value of
apparent contact angle as calculated by the Cassie theory without any correction.
It is also observed that correction is not needed for spacing ranging between 16
and 18lu. The reason behind this lies in the fact that a balance occurs between larger
spacing induced model capillary pressure and the sagging effects of the droplet due to
the pressure difference across the interface.
Between spacing > 18 lu and < 40 lu, the droplet should not exhibit Wenzel state
as the physical cases of reference (Kwon et al., 2011) indicates. The simulation results
show that the model does not produce droplets which follow strictly the Cassie behavior.
The droplet stable states in this range reveals a similarity in behavior to what was
described in reference (M Nosonovsky & Bhushan) as 1D scenario of wetting transition.
The 1D wetting transition is characterized by the presence of liquid only in the
depressions closer to the three-phase contact line. This seems to be reasonable
considering that transitional phase between Cassie and Wenzel states is expected to
happen when increasing the roughness spacing for the same droplet size. The achieved
apparent contact angles for the droplets simulations in this range of spacing are closer
to these calculated by the Cassie equation. Furthermore the observation of spacing 20lu
wetting behavior, indicates that the transition does not start at the contact line as
suggested in the de-pining of the contact line hypothesis, nor via the nucleation
mechanism which hypothesizes that the transition starts at the drop center (M
Nosonovsky & Bhushan).
Transition is observed to start at an asperity closer to the contact line and
propagate towards the contact line when the spacing increases. This can be explained
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by the fact that a higher pressure difference across the interface of large droplets (larger
droplets have lower pressure difference) is required to drain the suspending fluid from
the cavities closer to the center; hence sagging is not feasible around the droplet center
for spacing ranging from 22 to 40 lu.
Spacing 20 lu represents a special case, where wetting occurs only one spacing
before the contact line and does not propagate towards the contact line. A possible
reason for the non-wetting behavior in the depression before the contact line is that the
droplet interface might have had support from the compressive component of the flow
during drainage. This additional pressure component could have helped the capillary
pressure induced by this particular spacing to overcome the droplet Laplace pressure in
the last cavity before the contact line and maintain some vapor in the cavity.
Table 4.1 Detailed parameters and results of simulations are shown in the table here.
Cos (θe) on the flat surface for the present simulation is -0.342.
No.

a

B

b/a

H

A

Cos(θc/w)

(θc/w)

ξR475

θs

% Error

Surf. (1)

4

8

2

5

0.111

-0.927

157.955

-0.550

153.500

2.821

Surf. (2)

4

12

3

5

0.063

-0.959

163.511

-0.910

163.000

0.313

Surf. (3)

4

16

4

5

0.040

-0.974

166.826

-1.000

164.000

1.694

Surf. (4)

4

20

5

5

0.028

-0.982

169.029

-1.000

169.000

0.017

Surf. (5)

4

24

5.5

5

0.024

-0.987

170.600

-1.000

164.000

3.869

Surf. (6)

4

30

6

5

0.020

-0.991

172.262

-1.000

168.000

2.474

Surf. (7)

4

40

10

5

0.008

-0.354

110.864

-1.035

119.000

-7.339

Surf. (8)

4

60

15

5

0.004

-0.349

110.408

-1.027

118.000

-6.876

For spacing ≥ 40 lu correction is required to produce Wenzel condition as this is
in conformance with the experimental results presented by (Kwon et al., 2011). Without
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correction and beyond spacing 40 lu, the simulated droplets are observed to sag in a
remarkable manner due to a deficit in the capillary pressure in comparison to the Laplace
pressure. This is caused by the large distance between the nearby peaks which reduces
the support of the interface. The uncorrected apparent contact angle for spacing > 40 lu
shows about 45% error compared to the calculated angle by the Wenzel equation.

Fig. 4.5. Phase field contours for droplets resting on surfaces with different spacing. The middle section
depicts the pivotal case and others where no correction is required and the angle matches Cassie’s
calculated apparent angle. The upper set presents the below pivotal spacing cases where a correction
with f > 0 was made. The lower set shows the above pivotal spacing cases where a correction with f < 0
was made in order to match the apparent angles with the calculated theoretical values.
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In table 1, ‘a’ is the roughness’ width, ‘b’ is the roughness’ spacing, ‘H’ is the
roughness height and ‘A’ is the ratio from Eq. (4.7). The angles  e ,

 c / w and  s are

the

static, apparent and simulation angles, respectively. All apparent angles but the last two
are calculated by the Cassie equation. The last two are calculated by Wenzel’s equation.
The results are consistent with the behavior of the droplets shown in (Kwon et al., 2011).
4.5 Robustness of the proposed method
The proposed model was tested for robustness by using the two extreme cases of
surface (1) and surface (8) from table 1. The simulations’ domains were characterized by
a structure height of 3 lu which is the minimum acceptable height, due to the diffuse
nature of the droplet interface and another roughness height of 10 lu.
For static angle above critical and based on the Cassie theory a non-wetting
droplet apparent angle should not be affected by the roughness height, meanwhile for a
wetting droplet the Wenzel theory predicts an increase in the apparent contact angle with
the increase of the roughness height.
The results of surface (1) for structure height of 3 lu are presented in Fig. 4.6 show
slight deviation from the achieved angle with height 5 lu. However the simulation results
for the structure with height 10 lu produced the same results as the baseline simulation.
This results is in compliance with the Cassie theory.
The results of surface (8) for a structure height of 3 lu showed deviation from the
simulation of the same surface with structure height 5 lu. The simulation produced an
apparent angle with -2.8 percent difference from the calculated angle by the Wenzel
theory, which is an improvement over the baseline simulation.
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Surface (8) with height 10 lu, exhibited compliance with the Wenzel theory principle;
however a much larger apparent angle was achieved from the simulation.

Fig. 4.6. Phase field contours of droplets placed on surface 1 and surface 8 from table 1. Two roughness
heights were used to test the robustness of the model. The phase field contours show good adherence to
the Cassie state and good compliance with the Wenzel theory for the lower height. The model does not
comply with the Wenzel state for high height

For a static angle of 110 degrees and structure spacing of 60 lu, the Wenzel theory
predict a decimal change in the apparent angle for a change in the structure height. Under
the prescribed condition, the model does not comply with the Wenzel theory, since it
overestimates the apparent contact angle.
4.6 Notes on the Dynamic angle in the standard Shan and Chen Model
In attempting to simulate the dynamic behavior of droplets on surfaces with
structured roughness, the standard SC model was only capable of mimicking the nonreversible transition from Cassie to Wenzel state when the droplet was forced against
the structured surface. Droplet evaporation and dropping droplet from height simulations
were not feasible to replicate with the standard SC model.
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The squeezing of a droplet towards the rough surface is shown in Fig. 4.7, where
a source term was applied on top of the droplet interfacial nodes. Those nodes were
identified by a phase field  N       

'

 



 

'

,

with normal vector horizontal

components ranging from 0    x  N  N  0.1. A source term, mimicking the
movement of a pipette pushing the top of the droplet, was imposed for a short period of
time after which, the droplet was left to recover.

Fig. 4.7. Phase field contours of a squeezed droplet in 181x121 lattice units domain. The source term
was removed at dimensionless time 0.02176 and the droplet was left to recover. The simulation domain
and conditions are similar to those shown in Fig. 4.3 for roughness spacing of 15 lattice units.

After stabilization it was observed that despite the impalement of most of the
surface, some vapor was trapped between the droplet and the very end of the structure;
however the droplet in Fig. 4.7 showed a Wenzel state characterized by a small contact
angle. The trapped vapor could be due to the fact that the source term was applied at
small number of nodes on the droplet top interface to simulate the effect of using small
size pipette. Further investigation and improvement of the dynamic behavior of the
standard SC model may be the subject of future work.
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CHAPTER 5
LATTICE BOLTZMANN SIMULATIONS FOR DISTURBED PARABOLIC FLOWS
WITH SINGLE DROPLET ON SMOOTH PLANES
The Lattice Boltzmann method is used to analyze the sliding and rolling of droplets
on flat horizontal surfaces. This work identifies a critical channel Reynolds number for a
given droplet Weber number beyond which, the fluid transport phenomenon becomes
ineffective and it comes at the account of higher energy cost for low benefits.
It is important to note that the contact angle hysteresis (CAH) is an important
parameter in understanding drop motion (the rolling-off or sliding-down behavior) on a
surface. On non-ideal surfaces, microscopic defects such as morphological as well as
chemical are usually present. The varying contact angle formed between the flowing liquid
and the solid surface, reflects the balance between the capillary and the viscous forces.
The CA depends on whether the liquid is advancing over the surface or receding, resulting
in CAH, which is the difference between the advancing and receding contact angles (
= adv - rec ).

Fig 5.1: Description of a moving droplet on a micro-channel lower surface with an indication of the flow
characteristics and the two associated contact angles.

For surfaces with roughness carefully controlled and patterned, the CAH could be
as low as < 1o (Gupta, Ulman, Fanfan, Korniakov, & Loos, 2005) where the liquid travels
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easily along the surface. A large value in hysteresis indicates that the system is not at
equilibrium. On superhydrophobic coating with which a droplet of water can roll on the
surface, increasing the static CA up to ~ 180o will result in a reduction of the CAH due to
the decreased contact with the solid surface caused by the air pockets beneath the
droplet(Bhushan & Jung, 2011).
It is evident from the results of multiple experimental and numerical studies that
superhydrophobic surfaces help make the transportation of the suspended phase more
efficient in microchannels. This is true, especially when the droplets are in direct contact
with the surfaces of the constraining geometry. However, in microchannels the effect of
the compressive element of the flow, which is Reynolds number dependent, in relation to
the Weber number, which determines the droplet deformability, is not investigated. The
intricate relationship between these two dimensionless numbers could help and as well
deteriorate the fluid transportation in microchannels flows. The present work explores
several disturbed parabolic multiphase flows between parallel plates with and without
surface roughness. A critical channel Reynolds number for a preset droplet Weber
number is identified as best condition, characterized with high energy efficiency for
transporting the disbursed phase in microchannels.
5.1 SIMULATION RESULTS AND DISCUSSION
The following notations were used in this study:

ts for lattice time step, mu for

lattice mass unit and lu for the lattice spatial unit. A density ratio of

R
 16 was used,
B

where suffices R and B indicate the suspending and suspended fluids, respectively. A
relaxation time   0.945 was used leading to a kinematic viscosity  0.148 lu ts . The
2
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interfacial tension constant was set to G '  0.088 resulting in an interfacial tension of

 LV  0.035 . A second order accuracy bounce back condition was used on all walls.
Periodic boundary condition was used on the inlet and outlet of the domain to simulated
infinitely long channel. 3D domain consisting of 95  95  245 lu was used for the study of
3

the droplet motion in microchannels with flat perfectly smooth surfaces. The gravitational
6

constant g  2.18 10 was used to maintain a Bond number B  4  gR

2

 LV  0.758 .

Multiple source terms F were used, from which their respective average velocities
were derived as follows:

2 h2 F
U
3 2 

(5.1)

The channel Reynolds number was calculated as:
Rech 

UH



where H was the channel height, h 

(5.2)
H
and U was the flow average velocity. The droplet
2

Reynolds number was calculated by:
Red 

Ud



(5.3)

Several Weber numbers We resulted from the various simulations and they were
calculated by the following equation:

We 

2 U 2 R


(5.4)
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A dimensionless approach was used for the analysis of the results. The channel
height H was selected as a characteristic length, U 0  3 U the undisturbed centerline
2

1
flow velocity, as characteristic velocity, and the inverse shearing strain rate  

H
as
2U 0

characteristic time.
To analyze the results in dimensionless manner the power required for moving the fluid
in the channel is calculated as follow:
4
h 4 p
 2  h  p 
q    udxdz    
 0.444


h h

 3    y 
h

2

h

where q is the volumetric flow rate through the channel and F 

(5.5)

p

.

The power required for moving the undisturbed flow through the channel is calculated by:

  q p  0.444

h4 F 2



(5.6)

Since the transport of the suspended phase is the focus of this work’s interest, the droplet
mass center is tracked and the velocity is calculated by differentiating the mass center
displacement using second order accuracy finite difference scheme. A droplet power
number is introduced as follows:

d 

3
d VdVdmc

where

(5.7)

d is the droplet density, Vd is the initial droplet volume, Vdmc is the droplet mass

center terminal velocity and is the domain length.
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5.2 Effects of the droplet radius on multiphase fluid transportation in 3D flat
perfectly smooth microchannels
The 3D domain described in this section was used for determining the effects of the
dimensionless radius on the movement of one droplet sliding on ideal smooth surface in
a micro-channel. The droplet radii were normalized by half of the channel height. A source
term F  2.5  106 was used, yielding an average undisturbed velocity U  0.0124 and
B
R
channel Reynolds Rech  7.98 . The adhesion constants Gads  0.011 and Gads  0.0095 were

used for the two phase fluid to warrant a static contact angle of 105o .
Four droplets R = 5 -30 were used to cover a dimensionless radii range of RdS =
0.1- 0.63. Fig 5.2 shows the various droplets phase field contours, a section in the yz
plane for their horizontal and vertical velocity contours. It is obvious from Fig. 5.2-D that
a droplet with larger dimensionless diameter moves in the domain at higher terminal
velocity; however this comes at much higher power price. The power growth ratio for the
case with droplet radius R = 30 lu to the power required to move the small droplet with
radius R = 5 lu is RP _ Gth  1589 . The droplet velocity gain ratio is RV _ Gn  1.95 , which is very
humble when compared to the required power growth.
This behavior is caused by the parabolic nature of the flow, in which large droplet
size allows more energy from the flow to be dissipated into it. This results in a higher
droplet terminal velocity. Furthermore, the larger the dimensionless radius, the greater
the droplet’s Weber number is. This causes more energy to be spent into deforming of
the droplet, hence the higher power cost.
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A combination of the two factors, i.e. higher momentum in the central region of
the channel and higher Weber number lead to the fast transportation of the larger droplet,
but at very high power cost from the suspending fluid. A power curve fit was used to
describe the relationship between the dimensionless powers as a function of the
dimensionless radius.

Fig 5.2: A- Phase field contours for droplets moving on flat smooth surfaces. B- Horizontal velocity
contours slide in the yz plane. C- Vertical velocity contours. D- Droplet mass center horizontal velocity
and curve fit for the dimensionless power required to move a single droplet in the domain with the radius
normalized by half of the channel height.

From Fig. 5.2-D it is clear that a single droplet requires very minimal power
compared to moving the suspending flow itself. The power required to move one single
droplet could increase slightly if the interface pinning due to the surface imperfection is
taken into consideration.
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5.3 Effects of the Weber number on multiphase fluid transportation in 3D flat
perfectly smooth microchannels
The effects of the Weber number on the transport of the suspended phase, was
investigated through the movement of three droplets with their radii fixed at R = 20 lu.
The interfacial tension constant was varied in between 0.75  G '  1.0 , thus yielding a
Weber number range of 2.49  We  3.32 . Wider range was not feasible to implement
since the SC model becomes unstable with regards to conserving the mass of the
suspended phase and the interface thickness is directly related to the interfacial tension
constant. However if water is used as a basic liquid, Glycerol and many aqueous solutions
such as Acetic acids plus water and ethanol plus water can be covered with the described
range. One single source term F  2.5  106 was used in the simulations to maintain the
same Reynolds number. Static simulations of the three conditions were executed to
investigate the influence of the interfacial tension change on the static contact angles.
The deviation from the initial value of 105o was less than 2 %.
As it is shown in Fig. 5.3-D a moderate change of the Weber number, has a
transient effects on the droplet with the least interfacial tension velocity, which start at
higher dimensionless velocity but it eventually decays to levels close to those of the rest
of the droplets. This can be explained by the fact that with higher Weber number the
droplet is able to deform and get below the flow channel center, which leads to a drop in
its velocity. It is interesting to notice from Fig. 5.3-C, that a droplet mass center higher
velocity is always associated with high suspending flow positive z component velocity at
the rear top of the droplet and low negative velocity at the front top. Fig. 5.3-B shows that
the droplet with the highest mass center velocity has the highest suspended flow y
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component. This is indicative of the level of disturbance that the droplets impose on the
suspending flow and thus the level of energy dissipated into the movement of the
transported droplets.

Fig 5.3: A- Phase field contours for droplets moving on flat smooth surfaces with different interfacial
tensions. B- Horizontal velocity contours slide in the yz plane. C- Vertical velocity contours. D- Droplet
mass center horizontal velocity and curve fit for the dimensionless power required to move a single
droplet in the domain with the radius normalized by half of the channel height.

The power growth ratio for the case with droplet Weber number We  3.32 to the
power required to move the same size droplet with Weber number We  2.49 is RP _ Gth  1.33
. The droplet velocity gain ratio is RV _ Gn  1.32 , which is comparable to the required power
growth.
5.4 Effects of the channel Reynolds number on multiphase fluid transportation in
3D flat perfectly smooth microchannel
To evaluate the effects of the channel’s Reynolds number on the transport of the
suspended phase, the droplet radius was fixed at R = 20 lu and the source term range
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F  2.5 106  9.5  105 was used, leading to Rech

 0.79  30.33 . The static contact angle

was the same as in the previous simulations. Since the source terms from the various
simulations were different, an average central velocity of the undisturbed flow was used
in the calculation of the dimensionless time. This was done to ease the visualization and
analysis of the droplet dimensionless displacement and velocity presented in Fig. 3 D.

Fig 5.4: A- Phase field contours for droplets moving on flat smooth surfaces with few Reynolds numbers.
B- Horizontal velocity. C- Vertical velocity contours. D- Droplet mass center horizontal displacement,
velocity and curve fit for the dimensionless power required to move a single droplet in the domain.

With increasing channel Reynolds number, the dimensionless power number
seems to peak at a certain value for a given droplet radius, and levels up after the peak
as shown in the graph of Fig. 5.3-D.
The behavior of the droplet in the rising section before the peak is due to the
parabolic nature of the flow and the energy spent into deforming the droplet; however
after the peak it seems like the droplet deforms enough as its Weber number grows

64
bigger, that it manages to align itself further with the flow and while it disturbs the flow
relatively less it is able to maintain a large momentum. The graph in Fig. 3D for the various
droplets’ displacements normalized by the channel length, indicates that the displacement
of the droplet with the higher channel Reynolds number is the greatest. The droplets’
velocities normalized each by its undisturbed central velocity converge to about 0.07
which is related to the use of an average velocity of all cases as a reference velocity.
The power growth ratio for the case with droplet Reynolds number Rech

 23.9 to

the power required to move the same size droplet with Weber number Rech

 0.798 is

RP _ Gth  32.78 . The droplet velocity gain ratio is RV _ Gn  36.16 , which is comparable to the
required power growth.
5.5 Effects of the static contact angle on multiphase fluid transportation in 3D flat
perfectly smooth microchannel
Four sets of adhesion constants were used to produce four droplet static contact
angles. The droplets had the same radii R = 20 lu and the source term was maintained at
F  2.5  10 6 . The various droplets static angles ranged from 73 to 118 degrees. The aim

was to investigate the effects of changing the static contact angle on the behavior of the
droplets.
Fig 5.5-D show that the droplet with the highest static contact angle moves at higher
speed and requires moderately higher power from the flow. It is also noticeable that static
contact angles below critical exhibit smaller change in droplet speed, contrary to the
behavior shown by static contact angles greater than critical. Fig 5.5-B and C show that
the suspending flow is disturbed more by the droplet with the lowest contact angle. This
is due to the resistance to movement that the droplets with low contact angle exercise;
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however it is observed that with lower the static contact, the height of the droplet
decreases. This results in lower mass center velocity, since the flow velocity and hence
the flow momentum diminishes gradually below the channel centerline. This behavior is
characteristic to parabolic flows.

Fig 5.5: A- Phase field contours for droplets moving on flat smooth surfaces with different static
contact angles. B- Horizontal velocity. C- Vertical velocity contours. D- Droplet mass center horizontal
displacement and velocity, and curve fit for the dimensionless power required to move a single
droplet in the domain.

The power growth ratio for the case with droplet static contact angle CA  118 to
the power required to move the same size droplet with static contact angle CA  77 is

RP _ Gth  3.41 . The droplet velocity gain ratio is RV _ Gn  1.50 , which almost twice the
required power growth is.
In summary, the effects of the various factors which influence the multiphase flow
transportation such as dimensionless droplet radius, Weber number, Reynolds number
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and static contact angle, should be taken into consideration when designing a multiphase
flow transportation in a microchannel. The following guidelines are to help optimizing the
design characteristics of multiphase fluid transportation:
1. The suspended phase should absorb the highest possible energy from the flow, since
most of the energy is required for moving the suspending flow. This is achieved usually
by larger droplets, droplets with higher Weber numbers and droplets with high contact
angles.
2. Flow with optimal flow Reynolds numbers are preferable, although the droplet velocity
increased drastically ( RV _ Gn  36.16 ) with the increase in Reynolds number; however the
suspended flow power increased by 1440 times. Higher Reynolds number could also
cause evaporation of the suspended phase, which is not desirable from energy and
practical perspectives.
3. Surfaces with chemistry and structure, which ensure phobic static contact angle are
favorable.

67
CHAPTER 6
LATTICE BOLTZMANN METHOD FOR SINGLE SLIDING DROPLETS ON SLOPED
FLAT AND ROUGH SURFACES

The sliding of droplets on sloped surfaces with and without roughness is
numerically investigated. The Shan and Chen (SC) Lattice Boltzmann model (LBM) is
used to analyze the effect of pinning on the movement of droplets placed on sloped
surfaces. The model is checked for conformance with the Furmidge equation which
applies to tilted unstructured surfaces. It is shown that a droplet sliding on a perfectly
smooth surface requires very minimal slope angle and that pinning due to the
inhomogeneous nature of manufactured smooth surfaces is the key factor in determining
the minimal slope angle. The model is also used on sloped rough surfaces to check the
effects of roughness on the movement of single droplets. The numerical outcomes are
compared with published experimental results for validation and a dimensionless number
is suggested for quantifying the degree of pinning needed to control the behavior of sliding
droplets on sloped surfaces.
The present chapter confirms the adherence of the SC model to the Furmidge
equation when simulating droplets moving on sloped unstructured surfaces due to gravity
in three dimensional (3D) domains. The role of pinning due to imperfections in real
surfaces is shown to have an important role in determining their sliding angle. The model
is validated by comparison with experimental works and used for investigating the
movement of droplets on sloped rough surfaces.
Surface chemistry and topography determine how a droplet of liquid sits and
moves on a surface (Neinhuis & Barthlott, 1997; Onda, Shibuichi, Satoh, & Tsujii, 1996).
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The contact angle is also an indication for surface hydrophobicity. A flat and smooth
hydrophobic surface exhibiting an equilibrium contact angle of 110° can be converted into
a superhydrophobic surface with an apparent contact angle greater than 150° by simply
roughening it and without any alteration to its surface chemistry (McHale, Shirtcliffe, &
Newton, 2004). Another element that plays an important role in describing the surface
wetting, is the contact angle hysteresis (CAH) which helps determining the surface level
of hydrophobicity (Chen et al., 1999; Youngblood & McCarthy, 1999). If a droplet is placed
on a tilted surface, it will start to move when the lower droplet angle reaches the advancing
angle (θadv) and the upper one reaches the receding angle of (θrec) as shown in Fig. 6.1.

Fig 6.1: Description of a moving droplet on a smooth sloped surface showing the advancing and
receding contact angles.

The downward component of drop volume (mg sinα) can be equilibrated if the
receding angle is smaller than the advancing angle which is expressed by the Furmidge
equation (Furmidge, 1962):

mg sin   w  LA (cosRe  cos Ad )
where

 LA

w

(6.1)

is the drop width in the direction perpendicular to the plane of movement and

is the liquid-vapor interfacial tension.
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6.1 SIMULATION RESULTS AND DISCUSSION
A 3D domain consisting of 111181111 lu (lu for lattice unit) was used in the 3D
3

simulations. The relaxation time was set to   0.945 , resulting in a kinematic viscosity

  0.148 lu 2 ts (ts for time step). The density of the suspending fluid was  B  1 mu lu 3 ,
while  R  16 mu lu (mu for lattice mass) was used for the suspended fluid density. The
3

fluid-fluid interaction constant was set to G '  0.088 resulting in an interfacial tension of

 LV  0.035 . The main case used in the simulations had an initial drop radius was Ri  45 lu
. A droplet was placed in the first quarter of the domain and the simulation was stopped
after 30000 ts from the initiation of the droplet movement due to gravity. The suspending
fluid-solid interaction constant was Gads  0.011 and a constant Gads  0.0095 was used for
B

R

the suspended fluid for producing 1050 static smooth surface contact angle. A gravitational
7

constant g  2.18 10 was used to produce a Bond number B  4  gR

2

 LV  0.758 . This

is to simulate a water droplet with radius 1186.68 µm (7 µl) and gravity 9.81 m/s2. No slip
boundary condition was enforced on the sloped surface, periodic condition on the sides
and free surface on the top surface.
A 2D domain made of 2400 1300 lu2 was used to study the droplet behavior on
sloped rough surfaces. A density ratio of

R
 16 was used. A relaxation time was set to
B

produce the same kinematic viscosity  0.148 lu ts as in the 3D case. The interfacial
2

tension constant was set to G '  0.088 . The pillar size and height in the rough surface
simulations were selected as 4 lu and 5 lu respectively leading to geometric similitude of
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2.5µm/lu. A droplet with initial radius R = 475 lu, was placed in the domain with its mass
center located at coordinates (650, 484). The gravitational constant was set to

g  1.96 109 , yielding a Bond number B  0.758 similar to the 3D simulation. The
suspending fluid adhesion constant was Gads  0.012 , while Gads  0.01 was used for the
B

R

suspended fluid. The resulting static contact angle was 1100 . A second order accuracy
bounce back condition was implemented on the sloped surface. Periodic boundary
condition was used on the inlet and outlet surfaces and free surface at the top side.
6.2 Homogeneous and inhomogeneous smooth surfaces in 3D domain
The behavior of droplets, sliding on smooth sloped surfaces is investigated in this
section. A single droplet was placed in the previously described 3D domain. Several slope
angles were used in an incremental manner to determine the minimum angle required for
the onset of the droplet movement.
The simulations of three droplets with initial radii Ri

 15 lu , Ri  25 lu and Ri  45 lu

moving on perfectly smooth surfaces, were used to study the sliding behavior of the
droplets on ideal smooth surfaces. The simulation results are shown in Fig. 6.2.
(Rios, Dodiuk, Kenig, McCarthy, & Dotan, 2008), measured in an experimental setup the
sliding angles of water droplets placed on several surfaces with different chemical
structures. The reported sliding angles relative to the droplet sizes used in the experiment
is reproduced in Fig. 6.2-C.
From the results shown in Fig. 6.2-C, it is evident that the simulation outcome of
the minimum sliding angles adheres well to the Furmidge equation; however the
simulations underestimate the sliding angles when compared with the experimental
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results. The difference is mainly due to the lack of pinning in the model, since the
simulation surfaces are perfectly smooth, while real physical surfaces are usually
imperfect.

Fig 6.2: A- The cross section of the phase field contours for a droplet with radius R = 45 sliding on flat
smooth surface are used at different time steps to indicate the initiation of droplet movement on 5
degrees slope. B- 3 D phase field contours for the droplet with the explanation of the calculation used for
confirming the adherence of the model with the Furmidge equation. C- Sliding angles for three droplets
with different radii compared with the results of reference [34].

The pinning role due to surface imperfection, which was neglected in (Rios et al.,
2008), is evident from the results presented in the same reference, where PTFE with
measured static contact angle of 111.9 ± 3.0 degrees and calculated surface energy of
31.5 mJ/m2, required much higher sliding angles than PMMA with measured static contact
angle of 72.5 ± 3.3 degrees and calculated surface energy of 44.1 mJ/m2.
Table 6.1 Error between the left hand and the right hand sides of Eq. (6.1) for the smooth
surfaces.
Ri

m.g.sinα

w.σ.(cosαR-cosαA)

% Error

θR

θA

α

W

45
25
15

0.11603757
0.02782144
0.00856267

0.132273857
0.029432044
0.008840298

12.27475
5.472284
3.140503

104.5
105
105

107
106
105.5

5
7
10

90
50
30
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Few minute pillars with dimensions smaller than the interface thickness ( V  1 lu

3

each), were used to invoke pinning. This approach was followed, since one lattice unit is
the smallest dimension possible in the regular LBM mesh and because it was not feasible
to simulate the randomness and physical sizes of the microscopic imperfections due to
manufacturing of real surfaces. The minute pillars were positioned such that about 60%
of their total area was closer to the receding angle section of the droplet. The following
dimensionless number f 

Ainh

A was used to quantitatively assess the inhomogeneous

area fraction effects on pinning, where

Ainh was the total surface the small pillars and A

is the droplet base area. The droplet base area was estimated by using the surface of an
ellipse A   ab and the area of the minute pillars Ainh  n  5 lu with n indicating the number
2

of pillars. The halves of the minor and the major axis of the droplet base a , b were
measured from the simulation and the number of minute pillars n was found by trial.
The simulation results of the inhomogeneous smooth surface with f  1.3 10
shown in Fig. 6.3. The droplet with initial radius

2

are

Ri  45 lu started moving when an angle

of 25 degrees was reached. The droplet movement, which was associated with the largest
contact angle hysteresis of 11 degrees, occurred around T  t

2 Ri g

 5.17

dimensionless time steps. The solid/liquid contact diameter in the direction perpendicular
to the direction of movement was measured from the droplet phase field contours as

W  94 lu . The droplet mass in the left side of Eq. (6.1) was calculated with the initial
volume and density of the droplet. The left side of Eq. (6.1) yielded 0.563, while the right
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side equated to 0.6. With a difference of 6 % between the two sides of the equation, the
model outcome agrees reasonably with the Furmidge equation.
For a water droplet with a volume of 0.7 µl placed on a silicone substrate in
reference (Rios et al., 2008),, the sliding angle in the presented graph reads ~27.5° and
the static contact angle was measured as 103°± 2.5°. The simulation results of 25
degrees slope angle and 110 degrees static angle, closely matched the reported results
by (Rios et al., 2008).

Fig 6.3: A- The cross section of the phase field contours for a droplet sliding on flat surface with 22
miniature pillars are used at different time steps to indicate the initiation of droplet movement on 25 o
slope. B- 3 D phase field contours for the droplet with the explanation of the calculation used for
confirming the adherence of the model with the Furmidge equation. C- Sliding angles for three droplets
with different radii compared with the results of reference [34].

Table 6.2 Error between the left hand and the right hand sides of Eq. (6.1) for the surfaces
with induced roughness.

Ri

m.g.sin(a) w.sig.(cosr-cosa)

% Error

θR

θA

α

W

f

45
25
15

0.56266628
0.14674138
0.04039275

0.484938
1.548239
2.742706

96
100
102.5

107
105
105

25
40
55

86
44
28

0.014161
0.014469
0.01421

0.565408157
0.149049018
0.041531843
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Beside the main simulation case with droplet radius Ri
simulations were executed with radii

 45 lu , two additional

Ri  25 lu and Ri  15 lu respectively.

simulations of the smaller droplet maintained f  1.3 10

2

The

dimensionless number. The

results of two droplets are presented in Fig. 6.3C, where a close agreement between the
simulations and experiment is shown.
3.1 Pinning on structured rough surfaces in 2D domain
The 2D domain and conditions described in the beginning of this section were used
on a 25 degrees sloped rough surface characterized by regular structure width of 4 lu,
spacing of 16 lu and height of 5 lu. It is known that rough hydrophobic surfaces enhance
the sliding-rolling of droplets, which leads to smaller sliding surface angles (Lv, Yang,
Hao, He, & Zheng, 2010), and low contact angle hysteresis; however the simulation
results showed a different behavior. The behavior is similar to the experimental results
discussed in (Bommer et al., 2014) for ethylene glycol with initial static contact angle of
90 degrees, where the droplet pinned to the rough surface and it deformed to a large
extent, thus exhibiting very large hysteresis without moving.

Figure 6.4: Phase field contours for droplet’s pinning to a regularly structured surface with4x16 surface
spacing and 25 degrees slope angle.
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A close observation of the model results could be used for analyzing the effects of pinning
on rough surfaces and it leads to the following hypothesis:
a- Pinning, away from the droplet external three-phase contact line is due to the local
nature of the adhesion force, which is a short range force and it is only applicable
where a surface exists. Pinning is strongly observed at the corners of the
asperities, where the droplet contacts the vertical and horizontal sections of the
structure and the interface reshapes itself in accordance with the structure
geometry. The adhesion is counteracted upon by the capillary force. This is a long
range force, which magnitude is higher at the center of the spacing and it is lower
in the vicinity of the surface wall. This is well explained in the discussion of the free
surface boundary condition in (Colosqui, Kavousanakis, Papathanasiou, &
Kevrekidis, 2013), which interface’s deflection is governed by the 2D interface
evolution differential equation. The interface deflection is parabolic by nature, and
it can frown or smile depending on the pressure difference across the interface.
The equation is given by:
d 2
P    2
dx

3


2
d



1  

  dx  



2

(6.3)

where  is the coefficient of the surface tension of the fluid and  is the interface
deflection.
It is important to state that the strength of pinning at the droplet base determines
whether the droplet slides rolls or slides and rolls on the inclined surface.
b- De-pinning of the receding side at the three-phase contact line seems to be the
most important factor influencing the droplet movement on rough surfaces. This
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work suggests that this is due to the interfacial tension force at the contact line,
which acts against the local adhesion force beside the effects of the component of
the body force transmitted through the interface. In a physical system this force
acts in a tangential direction to the interface and is expected to be more efficient
in defeating the local action of the adhesion force depending on the fluid surface
tension strength. This explains the reason why it is easier for a droplet of water to
roll/slide on a rough surface in comparison with an alcohol droplet.
c- The advancing side of the interface does not help the droplet movement in case
of pinning of the receding side, since the interface at the advancing side is
prevented from touching the structure due to the lack of deformation posed by the
droplet capillary number and the support of the interface by the vorticial activity
shown by the streamlines of Fig. 6.5.
This model behavior, which is in contradiction with the physical behavior of a water
droplet on superhydrophobic surface, is probably due to the method used for imposing
the pressure jump through the interface.

Figure 6.5: Phase field contours for droplet with de-pinned receding side of the interface on a regularly
structured surface with 4x16 surface spacing and 10 degrees slope angle. The inset in the left part of the
figure show the velocity vectors inside the droplet.
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In most famous multiphase flow schemes, among them the SC, creating an interfacial
tension is accomplished by applying a source term in the direction normal to the interface,
meanwhile the real interfacial tension acts in a tangential direction to the interface.

Based on the above discussion and to heuristically prove that it is only required to
de-pin the receding side of the interface for the droplet to move on surfaces with minimal
slope angles, the adhesion force was relaxed in the model in the surrounding of the first
roughness corner. This was achieved by tracking the droplet interface and locating the
receding contact line nearest surface roughness.
In Fig. 6.5 it is clear that the droplet crawls as it was described in (P. Hao, Lv, Yao,
& He, 2010) (slides and rolls partially) when the receding side is disengaged from the
structure. As an outcome of de-pinning the droplet does not disturb the surrounding flow
enough such that the vorticial activities in the area behind the advancing side cease from
cushioning the interface, thus allowing the droplet to advance by adhesion to the next
roughness edge on the surface.
Comparing the sliding angle and contact angle hysteresis shown in Fig. 3 of
reference (P. Hao et al., 2010) with our results show a reasonable agreement for pillars
size 4µm and spacing 14µm. The results of velocity vectors shown in Fig. 6.5 show a very
good qualitative match with the PIV results shown in Fig. 5 of reference (P. Hao et al.,
2010).
This work showed a good agreement with published theoretical and experimental
results with respect to the Furmidge formula. Pinning of the receding side was shown to
have a major influence on the behavior of droplets on sloped surfaces.
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CHAPTER 7
CONCLUSION AND RECOMMENDATIONS

7.1 Conclusion
A pseudo potential LBM based Shan and Chen model is best suited for study of
static and dynamic contact angles over flat surfaces because contact angle and interface
are controlled by nonlocal interaction potentials and are not modeled, unlike in other
similar mesoscopic numerical models.
However in the present work, it is shown that the Shan and Chen model does not
accurately predict the Cassie and Wenzel apparent contact angles on rough surfaces.
Due to the indifference of the model to the capillary length, the Shan and Chen model
results in the droplet impalement into the asperities for narrower spacing and thus
predicts a lower contact angle. For larger spacing, the study shows the transition of
droplet from Cassie to Wenzel state associated with an increase in the roughness’
spacing. The change in the droplet wettability is due to the reduction of the interface
support between the asperities as the spacing increases. The resulting contact angle is
however higher than the angle predicted by Wenzel’s equation.
The present work introduces a correction to the capillary pressure into the Shan
and Chen model based on the physical explanation provided by (Kwon et al., 2011); and
performs the simulations by mimicking a water droplet of 7μl and pillar width of 10μm.
Spacing between the pillars varied from 20μm to 150μm. The modified LBM scheme
presented in this work is found to accurately predict the contact angle of droplets on
structured rough surfaces.
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The strength of this model is in its simplicity and its capability of reproducing the
apparent contact angles of Cassie and Wenzel. This makes it a potential platform for the
simulation of more complex cases involving superhydrophobic surfaces with structured
surfaces.
Then, the model is used to analyze the movement of droplets in contact with flat
horizontal surfaces. This part of work identifies the main factors, which influence the
multiphase fluids transport in squared channels. Effects of dimensionless radius, Weber
number, Reynolds number and static contact angles are evaluated by calculating the
power required for moving single droplets in comparison to the power needed for moving
the undisturbed flow in the channel. Guidelines for optimizing the design of such flow are
presented.
In the last part of work, the sliding-rolling of droplets on sloped surfaces with and
without roughness is numerically investigated. The Shan and Chen (SC) Lattice
Boltzmann model (LBM) is used to analyze the effect of pinning on the movement of
droplets placed on sloped surfaces. The model is checked for conformance with the
Furmidge equation which applies to tilted unstructured surfaces. It is shown that a droplet
sliding on a perfectly smooth surface requires very minimal slope angle and that pinning
due to the inhomogeneous nature of manufactured smooth surfaces is the key factor in
determining the minimal slope angle. The model is also used on sloped rough surfaces
to check the effects of roughness on the movement of single droplets. The numerical
outcomes are compared with published experimental results for validation and a
dimensionless number is suggested for quantifying the degree of pinning needed to
control the behavior of sliding droplets on sloped surfaces.
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7.2 Recommendations for future work
The recommendation for future works with relation to the current work is the study of
capillary driven fluid transportation phenomena. The research should focus on the
following:
•

Create specialized patterned structures aimed at creating targeted roughness
gradient.

•

Investigate Marangoni stress effects on the fluid movement due to the change in
interface curvature by the roughness gradient.

Understanding this physical process should facilitate the creation of structures aimed at
targeted liquid delivery
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Superhydrophobic surface characteristics are important in many industrial
applications, ranging from the textile to the military. It was observed that surfaces
fabricated with nano/micro roughness can manipulate the droplet contact angle, thus
providing an opportunity to control the droplet wetting characteristics. The Shan and Chen
(SC) lattice Boltzmann model (LBM) is a good numerical tool, which holds strong
potentials to qualify for simulating droplets wettability. This is due to its realistic nature of
droplet contact angle (CA) prediction on flat smooth surfaces. But SC-LBM was not able
to replicate the CA on rough surfaces because it lacks a real representation of the physics
at work under these conditions. By using a correction factor to influence the interfacial
tension within the asperities, the physical forces acting on the droplet at its contact lines
were mimicked. This approach allowed the model to replicate some experimentally
confirmed Wenzel and Cassie wetting cases. Regular roughness structures with different
spacing were used to validate the study using the classical Wenzel and Cassie equations.
This work highlights the strength and weakness of the SC model and attempts to
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qualitatively conform it to the fundamental physics, which causes a change in the droplet
apparent contact angle, when placed on nano/micro structured surfaces.
In the second part of this work, the model is used also to analyze the sliding of
droplets in contact with flat horizontal surfaces. This part identifies the main factors, which
influence the multiphase fluids transport in squared channels. Effects of dimensionless
radius, Weber number, Reynolds number and static contact angles are evaluated by
calculating the power required for moving single droplets in comparison to the power
needed for moving the undisturbed flow in the channel. Guidelines for optimizing the
design of such flow are presented.
In last part of work, the sliding of droplets on sloped surfaces with and without
roughness is numerically investigated. The Shan and Chen (SC) Lattice Boltzmann model
(LBM) is used to analyze the effect of pinning on the movement of droplets placed on
sloped surfaces. The model is checked for conformance with the Furmidge equation
which applies to tilted unstructured surfaces. It is shown that a droplet sliding on a
perfectly smooth surface requires very minimal slope angle and that pinning due to the
inhomogeneous nature of manufactured smooth surfaces is the key factor in determining
the minimal slope angle. The model is also used on sloped rough surfaces to check the
effects of roughness on the movement of single droplets. The numerical outcomes are
compared with published experimental results for validation and a dimensionless number
is suggested for quantifying the degree of pinning needed to control the behavior of sliding
droplets on sloped surfaces.
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